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Previous work with tungsten(II) acetylacetonate complexes has focused on synthesis 
of complexes with -bound ligands (alkyne, nitrile, imine, ketone, aldehyde). In this work, 
addition of methyl triflate (MeOTf) to W(CO)(acac)2(η2-N≡CPh) produces the iminoacyl 
complex [W(CO)acac)2(η2-MeN=CPh)][OTf].  Displacement of the carbon monoxide in 
[W(CO)(acac)2(η2-MeN≡CPh)]+ by isonitriles, bulky phosphines, and alkynes has been 
accomplished. The substitution of carbon monoxide by alkyne relieves the iminoacyl ligand 
of its role as a four-electron donor and enables further reduction of the C-N based ligand. Use 
of Na[HB(OMe)3] as a hydride source that attacks [W(RC≡CR′)(acac)2(η2-MeN=CPh)]+ 
yields the imine complex W(RC≡CR′)(acac)2(η2-MeN=CHPh) with a diastereoselective ratio 
of 2:1. Addition of MeOTf leads to the final tungsten(II) iminium complex 
[W(RC≡CR′)(acac)2(η2-Me2N=CHPh)][OTf]. 
Addition of m-chloroperoxybenzoic acid (MCPBA) to W(CO)(acac)2(η2-N≡CR) 
results in oxidation of the metal center to form the W(IV) d2 metal complex W(O)(acac)2(η2-
N≡CR). Similar results are obtained with alkyne, imine, ketone, or aldehyde ligands in the 
coordination sphere. Methylation of W(O)(acac)2(η2-N≡CPh) to produce [W(O)(acac)2(η2-
MeN≡CPh)][OTf] is accomplished using MeOTf. Subsequent addition of Na[HB(OMe)3] 
produces W(O)(acac)2(η2-MeN≡CHPh) with diastereoselectivity of 10:1. 
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 (Trimethylsilyl)diazomethane addition to W(CO)3(acac)2 results in end-on 
coordination through nitrogen, producing the tungsten(IV) d2 complex 
W(CO)(acac)2(N2CHSiMe3) with nitrogen triply-bound to tungsten. Similar results are 
observed with diphenyldiazomethane and ethyl diazoacetate. Addition of Na[HB(OMe)3] to 
W(CO)(acac)2(N2CHSiMe3), followed by treatment with HBF4 results in H- and H+ addition 
across the C=N bond to form the tungsten(IV) complex W(CO)(acac)2(N2HCH2TMS). 
Addition of PMe3 to a CH2Cl2 solution of W(CO)(acac)2(η2-N≡CR) leads to 
displacement of nitrile and one equivalent of acetylacetonate to produce the tungsten(II) 
complex W(CO)(acac)(Cl)(PMe3)3. Reaction of NaN3 with W(CO)(acac)(Cl)(PMe3)3 
produces loss of carbon monoxide and dinitrogen prior to protonation to form the 
tungsten(IV) d2 imido complex [W(NH)(acac)(PMe3)3]+. Aryl isocyanate insertion into the 
NH bond occurs at high temperatures to the form new C-N bonds. 
W(CO)(acac)2(η2-P≡CR) (R = Ad, tBu) is synthesized upon addition of P≡CR (R = 
Ad, tBu) to W(CO)3(acac)2. The phosphorus lone pair is utilized to bind Lewis acidic metal 
complexes, W(CO)5(thf) or [PtCl2(PEt3)]2, to produce dinuclear metal complexes. 
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The first structurally characterized π-bound nitrile complex was isolated over 20 
years ago.1 There are relatively few structurally characterized η2-nitrile complexes compared 
to complexes with σ-bound nitriles (Figure 1.1). While the reactivity of σ-bound nitrile 
ligands has been thoroughly studied,2-11 in depth reactivity studies of π-bound nitrile 
complexes are lacking.  
 
Figure 1.1. Binding modes of nitrile ligands. 
For Group VI metal complexes with η2-nitrile ligands, the vast majority of metal 
centers are in the +2 oxidation state.1,12-21 This contrasts markedly with the fact that the 
majority of Group VI organometallic complexes possess metal electron configurations of d0 
or d6. Accessing intermediate oxidation states appears to be important in building a 
coordination sphere that is conducive to π-binding of nitriles and perhaps other unusual 
ligand binding modes. 
Our laboratory has reported the stereoselective stepwise reduction of a σ-bound 
acetonitrile ligand to an amine ligand aided by the presence of a variable electron donor 
alkyne ligand in a tungsten(II) complex (Scheme 1.1).10,11 This method does not tolerate 
substitution at the amine well and cannot be broadly applied. However, perhaps a chiral 
metal center could promote stereoselective reduction of π-bound nitriles ligands with both C 
and N bound to the metal, allowing for increased stereocontrol and tunability based on the 










































































Molecular Design to Promote η2-Coordination of Nitriles. 
To further explore reactivity of η2-nitrile complexes, we set out to design a metal 
ligand fragment that would promote η2-nitrile coordination. Given the electronic similarity 
between the triple bonds in nitriles and alkynes, the extensive chemistry of alkyne ligands 
previously developed with Group VI monomers22 was used as a blueprint for developing 
systematic η2-nitrile chemistry. Electron configuration of the metal center plays a vital role in 
determining electron donation of the ligand.22,23 Metal centers with d4 or d2 electron 
configurations in a six-coordinate geometry favor four-electron donation from a single ligand 
because of vacant d orbitals. 
Previous work focused on seven-coordinate 18-electron M(CO)3(dtc)2 reagents to 
access molybdenum or tungsten bis(dithiocarbamate) fragments with a carbon monoxide π-
acid.23-27 This ligand environment is conducive to binding of four-electron donor alkyne 
ligands following loss of carbon monoxide (Scheme 1.2).  
 
Scheme 1.2. Synthesis of W(CO)(dtc)2(RC≡CR′). 
The coordination environment of tungsten bis(dithiocarbamate) is also amenable to 
replacement of the π-acidic carbon monoxide ligand with a π-basic sulfido28 or oxo29 ligand 
to yield an oxidized W(IV) coordination environment. These oxidized complexes exhibit 
different chemical properties from their carbon monoxide analogs, especially enhanced 
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stability, thus providing a system more amenable to manipulation. Note that the alkyne 
ligands rotate 90° to avoid π-acid/π-base conflicts.28-30 
Unfortunately the dithiocarbamate systems readily undergo sulfur redox reactions and 
facile C-S bond cleavage,28,31 compromising the ability to use the W(dtc)2 fragment as a 
chiral C2 framework for the manipulation of small molecules. Additionally, coordination of 
nitrile to the W(CO)(dtc)2 system through the C≡N triple bond was never achieved. More 
robust ancillary ligands were explored in an effort to mimic the coordination chemistry of 
W(CO)3(dtc)2 with other bidentate ligands. 
Bidentate oxygen ligands are an obvious analog to dithiocarbamate ligands and are 
not prone to the redox processes evident with dithiocarbamate. High oxidation state 
molybdenum and tungsten complexes with bidentate oxygen donors have been isolated. In 
particular, the molybdenum(VI) complex Mo(O)2(acac)232,33 has been used as a catalyst, 
often with H2O2, for the epoxidation of olefins34,35, oxidative cleavage of diols,36 and in 
dehydrative cyclizations.37 A variety of molybdenum(IV)38,39 and tungsten(IV)38 dihalobis(β-
diketonate) complexes, including W(acac)2Cl2 and Mo(acac)2Cl2, have also been 
characterized.  
To obtain a system analogous to M(CO)3(dtc)2, ligands binding to low-valent 
monomeric Group VI complexes were investigated. Baker and co-workers have 
demonstrated a mixed ligand system with one substituted dithiocarbamate ligand and one 
bidentate oxygen donor ligand: acetylacetonate (acac), dibenzoylmethane (dbm), or 
1,1,1,5,5,5-hexafluoroacetylacetonate (facfac).40 Dimeric d4 paddlewheel complexes of 
tungsten(II) and molybdenum(II) that boast bidentate anionic oxygen chelates, including 
acac, exhibit multiple bonding between metal centers.41 Molybdenum(II) complexes with two 
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formato ligands are also known, but these system readily lose CO2 under vacuum.42 
Bis(acac)chromium(II)43 is one of the few Group VI d4 complexes in the literature with two 
coordinated acetylacetonate ligands.  
Many previous efforts to incorporate two acetylacetonate ligands into a monomeric d4 
tungsten complex have resulted in chelation of only one acac ligand.42,44-48 Seven-coordinate 
tungsten(II) and molybdenum(II) complexes with a bidentate oxygen ligand, one halide, two 
carbonyl ligands and two phosphine ligands have been reported.42 The bidentate oxygen 
ligands include troponolate, carboxylate, facfac, and acac. Baker and co-workers have 
extended this work to include iodide ligands with a bidentate acac ligand.47,48 The phosphine 
ligands were either triphenylphosphine or triethylphosphine.  
Only one complex with two equivalents of acetylacetonate coordinated to tungsten(II) 
had been previously reported.45 Addition of two equivalents of sodium acetylacetonate to the 
tungsten(II) complex WI2(CO)(NCMe)(MeC≡CMe)2 produces the bis(acac) complex 
W(CO)(MeC≡CMe)(acac)2 (eq 1). No crystal structure of the complex was obtained, but 
NMR spectral data and elemental analysis indicate the geometry illustrated in eq 1. With the 
successful isolation of a tungsten(II) bis(acac) complex, it seemed likely that structurally 




Synthesis and Reactivity of W(CO)3(acac)2. 
Following from the synthesis of W(CO)3(dtc)2 (Scheme 1.2),49 Dr. Andrew Jackson 
has described the synthesis of W(CO)3(acac)2 from W(CO)6 (Scheme 1.3).50 Formation of the 
anionic W(0) complex [W(CO)5I][NEt4] followed by oxidation with I2 and addition of 














































Scheme 1.3. Synthesis of W(CO)3(acac)2. 
Using the chemistry of W(CO)3(dtc)2 as a springboard, the seven-coordinate W(II) 
complex W(CO)3(acac)2 was reacted with phosphines, alkynes, and heteroatomic multiple 
bond complexes. Reaction with small phosphines (PMe3, PMe2Ph) liberates one equivalent 
of carbon monoxide and forms W(CO)2(acac)2(PR3) (Scheme 1.4),50 mimicking the reactivity 
of W(CO)3(dtc)2.51 W(CO)2(acac)2(PR3) is fluxional at room temperature. An activation 
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barrier, ΔG‡, of 13 kcal/mol was calculated based on variable temperature NMR spectral 
measurements.50 
W(CO)3(acac)2 also reacts with one equivalent of alkyne at room temperature to 
displace two equivalents of carbon monoxide resulting in η2-coordination of alkyne to yield 
W(CO)(acac)2(RC≡CR′) (Scheme 1.4).50 The alkyne serves as a formal four-electron donor 
through the π|| and π orbitals of the ligand. Upon reflux with excess alkyne, replacement of 
three equivalents of carbon monoxide from W(CO)3(acac)2 occurs, resulting in the 
bis(alkyne) W(II) complex. All three of the transformations displayed in Scheme 1.4 have 
been confirmed with X-ray crystal structures of the final products. 
 
Scheme 1.4. Addition of PR3 or alkyne to W(CO)3(acac)2. 
The tungsten(II) W(CO)3(acac)2 complex is also a convenient docking site for η2 
heteroatomic four-electron donor ligands.52 W(CO)3(acac)2 reacts with a variety of nitriles to 
form W(CO)(acac)2(η2-N≡CR) (eq 2). A solid state structure was obtained for nitrile addition 
with 2,6-dichlorobenzonitrile. A number of Group VI d2 metal centers bind nitrile ligands in 
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a η2-manner.1,12-21 Like alkynes, side-bound nitriles utilize the π-bonds of the ligand to fill the 






















The molecular orbital picture for four-electron donor alkyne ligands is well documented.22 
Alkynes donate electrons from the filled π|| (Figure 1.2, A) and π (Figure 1.2, A) orbitals to 
vacant orbitals on the metal center, completing four-electron donation from the alkyne to the 
metal center. As a π-acid, the alkyne ligand can also receive dπ-electrons from the metal 
center into the anti-bonding π||* orbital of the alkyne (Figure 1.2, C). Nitriles can exhibit the 























Figure 1.2. Molecular orbital interactions of η2-alkynes and η2-nitriles bound to a d4 metal 
center. 
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to the metal center.12-18 However, the π||* orbital has greater contribution from the carbon p 
orbital than from the nitrogen p orbital (Figure 1.2, C). The dyz orbital on the metal center 
also exhibits an asymmetry due to backbonding with carbon monoxide. Therefore, the nitrile 
ligand orients to favor the greatest possible overlap and positions the nitrogen distal to the 
carbon monoxide ligand. 
In addition to alkynes and nitriles, W(CO)3(acac)2 has also been shown to π-bind 
imines, ketones, and aldehydes with release of two equivalents of carbon monoxide (eq 3).52 
Addition of N-benzylideneaniline to W(CO)3(acac)2 produces W(CO)(acac)2(η2-PhN=CHPh) 
with a diastereomeric ratio of 2:1 by 1H NMR spectroscopy. The benzaldehyde product 
W(CO)(acac)2(η2-O=CHPh) exhibits diastereomers in a 5:4 ratio. The acetone addition 
product W(CO)(acac)2(η2-O=CMe2) has also been isolated. All three families of complexes 
have been characterized by X-ray study, with 2,6-dichlorobenzaldehyde as the ligand of 
choice for crystallization of the aldehyde addition product. 
 
The X-ray structures of the imine, aldehyde, and ketone products show η2-
coordination of the ligand with the C=X unit (X = O, N) aligned nearly parallel to the W-
C≡O axis. The carbon atom is proximal to the CO unit and the heteroatom distal to CO. This 
geometry allows for optimal back-bonding to both carbon monoxide and the carbon of the 
C=X entity (Figure 1.3, A) and also allows lone pair donation from the heteroatom into the 
vacant dxy orbital (Figure 1.3, B). The X-ray crystal structures also indicate significant 
double-bound character of the W-X linkage. The double bond character was confirmed by 
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DFT analysis completed by Professor Cynthia Schauer. Alkenes do not react with 
W(CO)3(acac)2, presumably due to the lack of a heteroatom lone pair to form a double bond 
to tungsten. 
 
Figure 1.3. Orbital interactions in W(CO)(acac)2(X=CRR′) (X = O, NPh). 
Summary 
Design of an organometallic system that exhibits a proclivity for π-binding of nitriles 
has proven successful with W(CO)3(acac)2. A mimic of earlier W(CO)3(dtc)2 systems, 
W(CO)3(acac)2 seeks four electrons from η2-alkynes, nitriles, imines, aldehydes, and ketones. 
The d4 W(CO)(acac)2 system receives four electron from π-orbitals of alkynes and nitriles. 
Imines, aldehydes, and ketones provide four electrons to the d4 metal center from one π-bond 
and one lone pair on the heteroatom. π-Binding of nitrile ligands should result in 
stereoselective reduction of the carbon-nitrogen bond. Additionally, the coordination 





1. Wright, T. C.; Wilkinson, G.; Motevalli, M.; Hursthouse, M. B. J. Chem. Soc., Dalton 
Trans. 1986, 2017. 
2. Storhoff, B. N.; Lewis, H. C. Coord. Chem. Rev. 1977, 23, 1. 
3. Pombeiro, A. J. L. Inorg. Chim. Acta 1992, 198-200, 179. 
4. Michelin, R. A.; Mozzon, M.; Bertani, R. Coord. Chem. Rev. 1996, 147, 299. 
5. Parkins, A. W. Platinum Met. Rev. 1996, 40, 169. 
6. Kukushkin, V. Y.; Pombeiro, A. J. L. Chem. Rev. 2002, 102, 1771. 
7. Pombeiro, A. J. L.; Kukushkin, V. Y.; McCleverty, J. A.; Meyer, T. J. In 
Comprehensive Coordination Chemistry II; Pergamon: Oxford, 2003, p 639. 
8. Bokach, N. A.; Kukushkin, V. Y. Russ. Chem. Rev. 2005, 74, 153. 
9. Kukushkin, V. Y.; Pombeiro, A. J. L. Inorg. Chim. Acta 2005, 358, 1. 
10. Feng, S. G.; Templeton, J. L. J. Am. Chem. Soc. 1989, 111, 6477. 
11. Feng, S. G.; Templeton, J. L. Organometallics 1992, 11, 1295. 
12. Barrera, J.; Sabat, M.; Harman, W. D. J. Am. Chem. Soc. 1991, 113, 8178. 
13. Barrera, J.; Sabat, M.; Harman, W. D. Organometallics 1993, 12, 4381. 
14. Kiplinger, J. L.; Arif, A. M.; Richmond, T. G. Chem. Commun. 1996, 1691. 
15. Kiplinger, J. L.; Arif, A. M.; Richmond, T. G. Organometallics 1997, 16, 246. 
16. Thomas, S.; Young, C. G.; Tiekink, E. R. T. Organometallics 1998, 17, 182. 
17. Wadepohl, H.; Arnold, U.; Pritzkow, H.; Calhorda, M. J.; Veiros, L. F. J. Organomet. 
Chem. 1999, 587, 233. 
18. Cross, J. L.; Garrett, A. D.; Crane, T. W.; White, P. S.; Templeton, J. L. Polyhedron 
2004, 23, 2831. 
19. Thomas, S.; Tiekink, E. R. T.; Young, C. G. Organometallics 1996, 15, 2428. 
20. Shin, J. H.; Savage, W.; Murphy, V. J.; Bonanno, J. B.; Churchill, D. G.; Parkin, G. J. 
Chem. Soc., Dalton Trans. 2001, 1732. 
21. Lis, E. C.; Delafuente, D. A.; Lin, Y.; Mocella, C. J.; Todd, M. A.; Liu, W.; Sabat, 
M.; Myers, W. H.; Harman, W. D. Organometallics 2006, 25, 5051. 
 11
22. Templeton, J. L. Adv. Organomet. Chem. 1989, 29, 1. 
23. Templeton, J. L.; Winston, P. B.; Ward, B. C. J. Am. Chem. Soc. 1981, 103, 7713. 
24. Herrick, R. S.; Nieter-Burgmayer, S. J.; Templeton, J. L. Inorg. Chem. 1983, 22, 
3275. 
25. Herrick, R. S.; Templeton, J. L. Organometallics 1982, 1, 842. 
26. Templeton, J. L.; Ward, B. C. J. Am. Chem. Soc. 1980, 102, 3288. 
27. Ward, B. C.; Templeton, J. L. J. Am. Chem. Soc. 1980, 102, 1532. 
28. Morrow, J. R.; Tonker, T. L.; Templeton, J. L. Organometallics 1985, 4, 745. 
29. Templeton, J. L.; Ward, B. C.; Chen, G. J. J.; McDonald, J. W.; Newton, W. E. Inorg. 
Chem. 1981, 20, 1248. 
30. Nugent, W. A.; Mayer, J. M. Metal-Ligand Multiple Bonds; John Wiley & Sons: New 
York, 1988. 
31. Brower, D. C.; Tonker, T. L.; Morrow, J. R.; Rivers, D. S.; Templeton, J. L. 
Organometallics 1986, 5, 1093. 
32. Gach, F. Monatsh. Chem. 1900, 98. 
33. Rosenheim, A.; Bertheim, A. Z. Anorg. Chem. 1903, 34, 427. 
34. Ahn, J. H.; Kim, J. C.; Ihm, S. K.; Oh, C. G.; Sherrington, D. C. Ind. Eng. Chem. Res. 
2005, 44, 8560. 
35. Indictor, N. J. Org. Chem. 1965, 30, 2074. 
36. Kaneda, K.; Morimoto, K.; Imanaka, T. Chem. Lett. 1988, 1295. 
37. Ishihara, K.; Sakakura, A.; Kondo, R. Org. Lett. 2005, 7, 1971. 
38. Doyle, G. Inorg. Chem. 1971, 10, 2348. 
39. van den Bergen, A.; Murray, K. S.; West, B. O. Aust. J. Chem 1972, 25, 705. 
40. Baker, P. K.; Flower, K. R. J. Organomet. Chem. 1993, 447, 67. 
41. Chisholm, M. H.; Folting, K.; Putilina, E. F. Inorg. Chem. 1992, 31. 
42. Brower, D. C.; Winston, P. B.; Tonker, T. L.; Templeton, J. L. Inorg. Chem. 1986, 
25, 2883. 
43. Cotton, F. A.; Rice, C. E.; Rice, G. W. Inorg. Chim. Acta 1977, 24, 231. 
 12
 13
44. Doyle, G. J. Organomet. Chem. 1973, 61, 235. 
45. Armstrong, E. A.; Baker, P. K. Inorg. Chim. Acta 1988, 143, 13. 
46. Fischer, E. O.; Friedrich, P. Angew. Chem., Int. Ed. Engl. 1979, 18, 327. 
47. Baker, P. K.; Apkendrick, D. Polyhedron 1991, 10, 433. 
48. Baker, P. K.; Clark, A. I.; Drew, M. G. B.; Durrant, M. C.; Richards, R. L. J. 
Organomet. Chem. 1997, 549, 193. 
49. Templeton, J. L.; Ward, B. C. Inorg. Chem. 1980, 19, 1753. 
50. Jackson, A. B.; White, P. S.; Templeton, J. L. Inorg. Chem. 2006, 45, 6205. 
51. Templeton, J. L.; Ward, B. C. J. Am. Chem. Soc. 1981, 103, 3743. 
52. Jackson, A. B.; Schauer, C. K.; White, P. S.; Templeton, J. L. J. Am. Chem. Soc. 




Reduction of a π-Bound Nitrile Ligand to a π-Bound Iminium Ligand 
in a Tungsten(II) Bis(acetylacetonate) Coordination Sphere 
 
(Portions reproduced with permission from Jackson, A.B.; Khosla, C.; Gaskins, H.E.; White, 
P.S.; Templeton, J.L. Organometallics, 2007, 1322 and Jackson, A.B.; Khosla, C.; White, 
P.S.; Templeton, J.L. Inorg. Chem. 2008, 8776. Copyright 2009 American Chemical Society) 
 
Introduction 
The majority of organometallic nitrile complexes exhibit σ-bonding of nitriles and the 
nitrile carbon is susceptible to nucleophilic attack.1,2 Metal-mediated hydrolysis of nitriles to 
amides and on to carboxylic acids involves initial hydroxide attack at the nitrile carbon.1-6 
Reduction from a nitrile to an amine can be accomplished via alternating nucleophilic attack 
at carbon and protonation at nitrogen beginning with initial hydride attack at the nitrile 
carbon.7-9  
Less is known about the chemistry of π-bound nitriles. Although π-bound nitrile 
complexes have been known for two decades, they remain rare compared to their σ-bound 
counterparts.10-25 We have recently reported the reaction of W(CO)3(acac)2 with nitriles to 
form complexes of the type W(CO)(acac)2(η2-N≡CR), where the nitrile acts as a four-
electron donor ligand to tungsten.26  
Coordination of the RC≡N triple bond leaves the nitrile susceptible to alkylation at 
the nucleophilic nitrogen lone pair, resulting in cationic η2-iminoacyl complexes.23-25 A 
number of neutral π-bound iminoacyl complexes are known,27-40 but cationic complexes that 
offer enhanced reactivity toward nucleophiles are rare.22-25,39-45 Common methods of 
formation of π-bound iminoacyl complexes include (1) migratory insertion of isocyanide into 
a metal-alkyl or a metal-hydride bond40 and (2) addition of alkyl halides to anionic 
isocyanide complexes.27-29 Reactivity studies with the cationic π-bound iminoacyl complexes 
have shown them to be agile reagents susceptible to nucleophilic attack at the iminoacyl 
carbon to form η2-imines.35,40,46-48  
We have reported the addition of strong alkylating reagents R′OTf (R′ = Me, Et) to π-
bound nitrile ligands to form cationic iminoacyl-carbonyl complexes, [W(CO)(acac)2(η2-
R′N=CR)][OTf] in a collaborative project with Dr. Andrew Jackson.49 Nucleophilic addition 
at the iminoacyl carbon of the cationic complex forms η2-imines of the type 
W(CO)(acac)2(η2-R′N=CRR′′) (R′′ = H, Me). This complex is the first example of stepwise 
addition of an electrophile and a nucleophile to an η2-nitrile.  
Attempts to convert the π-bound imine to an iminium ligand have been unproductive 
with carbon monoxide as the adjacent ligand in the coordination sphere. Presumably this 
reflects the need for a four-electron donor ligand to stabilize the six-coordinate d4 tungsten 
center.50 Addition of a second electrophile to the nitrogen of the sidebound imine ligand 
would remove two electrons from the metal, so electrophilic addition at nitrogen is 
incompatible with the simple constraints imposed by electron counting in this system.  
Iminium cations51 (R2N=CR2+) are postulated as intermediates in several fundamental 
organic reactions including Knoevenagel condensations,52,53 decarboxylation of β-
 15
ketoacids,54,55 and Diels-Alder type cyclizations.56-58 Iminium ligands in transition metal 
complexes have resulted from direct reactions of iminium salts with metal reagents,59,60 from 
rearrangements involving group transfer to imine ligands,61,62 from β-hydride elimination of 
amines,63,64 and from nitriles using strong reductants or other harsh conditions.65-67  
We have reported conversion of an η2-imine to an η2-iminium ligand.68 This reaction 
is enabled by replacement of the ancillary two-electron donor CO ligand in [W(CO)(η2-
RN=CR)(acac)2]+ with a variable electron donor alkyne. Substitution of CO by an alkyne in 
the cationic iminoacyl-CO tungsten(II) reagent relieves the ligand derived from η2-RN≡C of 
its responsibility to function as the sole four-electron donor to tungsten. The nitrogen lone 
pair of the η2-imine ligand, datively bound to tungsten when CO is the ancillary ligand in the 
coordination sphere, becomes sufficiently nucleophilic to react with potent electrophiles once 
an alkyne replaces CO. This work is reported here in condensed form highlighting the work 
of the author.  
Results and Discussion 
Synthesis of Iminoacyl-Carbonyl Tungsten Complexes. Combining stoichiometric 
amounts of W(CO)(acac)2(η2-N≡CPh) (1a) and MeOTf in methylene chloride at room 
temperature generates [W(CO)(acac)2(η2-MeN=CPh)][OTf] (2a) (eq 1). In situ IR 
spectroscopy indicates the presence of a single carbon monoxide absorbance at 1985 cm-1 in 
the product, an increase of approximately 90 cm-1 from the starting material. Alkylation of 
alkyl or aryl nitriles gives similar results. Addition of either MeOTf or EtOTf to 
W(CO)(acac)2(η2-N≡CMe) 1b generates W(CO)(acac)2(η2-R′N=CMe)][OTf] [R′ = Me (2b), 
Et (2c)]. 
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 The 1H NMR spectrum of complex 2a shows a downfield resonance at 4.97 ppm 
attributed to the newly added methyl group on nitrogen. Complex 2b displays similar NMR 
results: the methyl bound to nitrogen resonates at 4.79 ppm, while the methyl group bound to 
carbon resonates at 4.11 ppm, shifted downfield from 3.71 in the neutral η2-acetonitrile 
precursor 1b. As confirmed by an HMQC experiment, the iminoacyl carbon in 2b appears at 
233.1 ppm in the 13C NMR spectrum, downfield from 208.7 ppm in the neutral η2-
acetonitrile adduct. The carbonyl carbon shifts upfield to 219.7 ppm from 237.6 ppm in the 
precursor acetonitrile complex.26 A solid-state structure of 2a was obtained showing the 
iminoacyl ligand located cis to carbon monoxide with the nitrogen atom positioned distal to 
the carbonyl ligand. The N=C bond of the η2-iminoacyl ligand is parallel to the W-C≡O axis, 
reminiscent of the C≡N orientation observed in the nitrile complex.  
Reduction Iminoacyl Ligand to Imine Ligand. Addition of Na[HB(OMe)3] to 
[W(CO)(acac)2(MeN=CPh)][OTf] 2a in THF at -78 °C reduces the iminoacyl ligand to a 
coordinated imine in W(CO)(acac)2(η2-MeN=CHPh) (3a) via nucleophilic attack of hydride 
at the iminoacyl carbon (eq 2). The room temperature 1H NMR spectrum shows two 
diastereomers in a 2:1 ratio, reflecting chirality at both tungsten and carbon. The N-methyl on 
the imine ligand shifts upfield to 3.71 (major) ppm from 4.97 ppm in the cationic complex. 
Two resonances attributed to the imine C-H appear between 5 and 6 ppm, the same region as 
the acac methines. The 13C NMR spectrum displays the imine carbon at 60.8 (major) and 
 17
57.2 (minor) ppm, an upfield shift of ~170 ppm from the iminoacyl carbon in complex 2a. 
This significant change in the 13C chemical shift reflects the sp3 character of the imine carbon 
in complex 3a. IR spectroscopy of 3a in hexanes also indicates the presence of two isomers 
since carbonyl C≡O absorptions appear at 1904 and 1889 cm-1. Addition of a nucleophilic 
methyl group to 2a using MeMgBr as a reagent produces W(CO)(acac)2(η2-MeN=CMePh) 4 
(eq 3).  
 
 
An X-ray structure of 4 was obtained and depicts the same framework around the 
metal as is observed in the neutral nitrile and cationic iminoacyl carbonyl complexes: two 
acetylacetonate chelates and one carbon monoxide ligand surround tungsten with an η2-N=C 
linkage in the remaining position. The tungsten-carbon W1-C3 bond length increases 
considerably from 2.069(8) to 2.274(2) Å, and the W1-N2 bond simultaneously decreases 
significantly from 1.977(7) to 1.905(5) Å, suggestive of lone pair donation from the nitrogen 
to tungsten, effectively resulting in a double bond from nitrogen to the metal. The carbon-
nitrogen bond distance in the imine ligand, N2-C3, elongates from 1.283(10) to 1.383(2) Å 
indicating a loss of C-N multiple bond character upon nucleophilic attack. These values 
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mirror those of W(CO)(acac)2(η2-PhN=CHPh), an imine complex derived from direct 
addition of an N-benzylideneaniline to W(CO)3(acac)2.26 Note that no rearrangement in W-
C-N connectivity occurs during the transformation of a nitrile to an iminoacyl and then on to 
an imine. Each η2-C=N ligand remains π-bound to tungsten with the same triangular W-C-N 
orientation of the ligating carbon and nitrogen atoms relative to the rest of the unaltered 
coordination sphere.  
Mechanism of Diastereomer Interconversion. Addition of Na[HB(OMe)3] to 2b 
appears to proceed like the other addition reactions, but room temperature 1H NMR 
spectroscopy does not indicate the presence of two diastereomers in solution. In fact, signals 
due to the methyl and the added hydrogen of the anticipated H-C-Me unit of the imine are 
not observed at room temperature. However, our investigations with low temperature 1H 
NMR spectroscopy reveal that hydride addition indeed occurs to produce W(CO)(acac)2(η2-
MeN=CHMe) (3b). At 238 K, two diastereomers are resolved and appear in a 1:1 ratio 
(Figure 2.1). The added hydrogen atom is bound to the imine carbon and appears as a quartet 
at either 4.55 or 5.11 ppm due to the presence of two diastereomers. Variable temperature 
NMR measurements focusing on the two singlets for the methyl group bound to nitrogen in 
the two diastereomers reveal a coalescence temperature of 263 K. Using the Gutowsky-Holm 
equation,69 this temperature corresponds to a free energy barrier for diastereomer 
interconversion of ΔG‡ = 13.2 kcal/mole. The fluxional process observed at room 
temperature results from interconversion of the two diastereomers on the NMR time scale. 
This dynamic behavior is observed in the CHMe (3b) derivative, but not in the CHPh (3a) or 
the CMePh (4) derivatives. 
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 Figure 2.1. 1H NMR spectrum (400 MHz, CD2Cl2) of W(CO)(acac)2(η2-MeN=CHMe) (3b) 
at 238 K. 
For this interconversion process to occur, one of the two stereocenters in the molecule 
must racemize. One possible mechanism involves interconversion of chirality at the imine 
carbon (Scheme 2.1, Pathway A). Dissociation of the carbon atom from the tungsten center 
could form a sixteen-electron intermediate species in which the imine is σ-bound through the 
nitrogen atom. Once the imine assumes the planar geometry appropriate for an N-bound 
ligand, the carbon can coordinate to tungsten through either face. Note that the geometry of 
the η2-coordinated imine requires rotation of the CHMe fragment relative to the C=N-Me 
plane of the κ-N-imine upon binding the imine carbon to tungsten. 
A second possibility for isomer interconversion involves inversion of stereochemistry 
at tungsten via dissociation of an acetylacetonate arm resulting in a sixteen-electron 
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intermediate species (Scheme 2.1, Pathway B). Re-association of the chelate arm on the 


































































Scheme 2.1. Possible mechanisms for interconversion of diastereomers in W(CO)(acac)2(η2-
MeN=CHMe) (3b). 
To distinguish between these two possible mechanisms, an imine derivative without a 
chiral center at the imine carbon and with an ethyl substituent on the imine nitrogen was used 
to probe chirality at the metal using the diastereotopic methylene protons. W(CO)(acac)2[η2-
EtN=CMe2], 5, was synthesized by alkylation of 1b using EtOTf, followed by subsequent 
nucleophilic attack on the cationic complex with MeMgBr (eq 4). At room temperature, the 
1H NMR spectrum shows one product, with a distinct ABX3 pattern corresponding to the 
methylene protons on the nitrogen-ethyl substituent (Figure 2.2). Detection of a chiral 
environment by the diastereotopic methylene protons at room temperature eliminates facile 
acetylacetonate dechelation as a mechanism for accessing an intermediate with a mirror plane 
in this complex and makes it unlikely that acac rearrangement is the dynamic process 
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responsible for diastereomer interconversion in complex 3b. Dissociation of the imine ligand 
at carbon to form a κ1-N imine with a chiral tungsten center remains as the likely mechanism 
for the dynamic process that interconverts diastereomers in 3b (Scheme 2.1, Pathway A).  
 
   
Figure 2.2. Expanded room temperature 1H NMR spectrum (400 MHz, CD2Cl2) of  the ethyl 
methylene protons of W(CO)(acac)2(η2-EtN=CMe2), 5. 
Thermal Substitution of CO with RN≡C. As stated earlier, reduction of an imine 
ligand to iminium is not possible with carbon monoxide in the coordination sphere. Use of 
other ligands in the coordination sphere was investigated. Addition of tert-butylisonitrile to a 
cold solution of η2-iminoacyl complex [W(CO)(η2-MeN=CPh)(acac)2]+ 2a produces 
[W(CNtBu)(η2-MeN=CPh)(acac)2]+ (6a) (eq 5). No CO absorbance is observed via in situ IR 
spectroscopy after 20 min of stirring at 0 °C; this is a surprisingly facile substitution reaction. 
For complex 6a, the N-methyl resonance in the 1H NMR spectrum shifts downfield to 5.67 
ppm from the 4.97 ppm value of the iminoacyl-carbonyl precursor. The iminoacyl carbon 
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resonates downfield at 239.7 ppm in the 13C NMR spectrum. Low temperature 13C NMR 
spectroscopy (240 K) reveals the metal-bound isonitrile carbon at 146.1 ppm, indicative of σ-
bound isonitrile.  
 
The solid state structure of 6c[BAr′4] (BAr′4 = tetrakis[(3,5-
trifluoromethyl)phenyl]borate) reflects simple substitution of the carbon monoxide ligand by 
2,6-dimethylphenylisonitrile (Figure 2.3). The nitrogen atom of the iminoacyl ligand is distal 
with respect to the cis isonitrile ligand, thus adopting the same orientation as the parent CO 




Figure 2.3. ORTEP diagram of [W(CNAr)(η2-MeN=CPh)(acac)2][BAr′4] 6c[BAr′4]. 
Thermal ellipsoids are drawn with 50% probability. Hydrogen atoms, the BAr′4 counterion, 
and 0.5 Et2O are omitted for clarity. 
Reduction of Iminoacyl Ligand. Addition of NaHB(OMe)3 at -78 °C to a solution of 
6a[OTf] results in a color change from purple to red (eq 6). After extraction with hexanes, 1H 
NMR spectroscopy indicates formation of the isonitrile-imine product W(CNtBu)(η2-
MeN=CHPh)(acac)2 (7a) (Figure 2.4). Two isomers are present in a 4:1 ratio, slightly more 
diastereoselective than the carbonyl analog 3a which has a diastereomer ratio of 2:1. The 
imine proton resonates at 4.74 ppm, upfield of the imine proton in 3a. The imine carbon 
resonates at 62.7 ppm in the 13C NMR spectrum, well upfield of the value seen for 6a, 
indicating the change to a sp3 hybridized carbon. Similar results are seen for addition of 
 
Figure 2.4. Room temperature 1H NMR spectrum (400 MHz, CD2Cl2) of W(CNtBu)(η2-
MeN=CHPh)(acac)2 (7a). 
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NaHB(OMe)3 to 6b[OTf] producing the isonitrile-imine product W(2,6-Me2H3C6)(η2-
MeN=CHPh)(acac)2 (7b) (eq 6). Again, a 4:1 diastereomeric ratio is detected by 1H NMR 
spectroscopy. 
 
Addition of Phosphine Reagents to Iminoacyl-Carbonyl Complexes. Addition of 
triphenylphosphine to iminoacyl cation 2a leads to carbon monoxide replacement as well. 
The product is an air- and moisture-sensitive deep purple complex, [W(PPh3)(η2- 
MeN=CPh)(acac)2]+ (8a) (eq 7). Tricyclohexylphosphine (PCy3) also replaces the CO ligand 
in 2a, and [W(PCy3)(η2-MeN=CPh)(acac)2]+ (8b) forms (eq 8). Addition of PPh3 to 2b 
produces [W(PPh3)(η2-MeN=CMe)(acac)2]+, 8c, over the course of several hours (eq 8). This 
reaction with 2b proceeds more slowly than the analogous reaction with reagent 2a. Note that 
PCy3 does not replace CO in 2b.  
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 The outcome of phosphine addition to 2a reflects a dependence on the size of the 
phosphine reagent.70-72 Unlike PPh3 or PCy3, trimethylphosphine (PMe3) adds to 2a at the 
iminoacyl carbon to form [W(CO)(η2-MeN=C(PMe3)Ph)(acac)2]+, complex 9a (eq 9). This 
result mirrors reactivity observed when Na[HB(OMe)3] or MeMgBr attacks the cationic 2a 
and reduces the iminoacyl ligand to an imine.49 After PMe3 addition, IR spectroscopy shows 
a single CO absorbance at 1904 cm-1, a decrease of ~80 cm-1 from νCO in the starting 
material. Addition of PMe3 to the iminoacyl carbon indirectly pushes electron density to the 
metal center. 1H NMR spectroscopy shows two diastereomers in an approximate ratio of 2:1. 
13C NMR spectroscopy supports the imine-like nature of the sidebound ligand: a doublet 
assigned to the “imine” carbon for the major diastereomer resonates at 50.9 ppm (1JP-C = 84 
Hz). A doublet centered at 241.1 ppm with phosphorus coupling (3JP-C = 8 Hz) is assigned to 
the CO carbon.  
 
Addition of PMe3 to 6a also results in addition of phosphine to the iminoacyl carbon 
to produce [W(CNtBu)(η2-MeN=C(PMe3)Ph)(acac)2]+ (9b) in a 1:1 diastereomeric ratio. 
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Similar results were obtained using PMe2Ph as a reagent. The PMe3 and PMe2Ph products 
reflect attack at the iminoacyl carbon, while the larger PPh3 and PCy3 ligands replace CO in 
the coordination sphere of tungsten. 
Photolytic Replacement of CO with Alkyne. Due to the propensity of tungsten(II) 
to bind a four-electron donor ligand in a six-coordinate environment, we investigated 
replacement of CO with alkyne ligands. Unlike linearly ligating π-acid carbon monoxide 
ligands, alkynes are excellent single-faced π-acids, and additionally alkynes can serve as 
variable electrons donor ligands through their π electrons.50 This π-donor feature has the 
ability to alter the behavior of the adjacent η2-iminoacyl ligand.  
Refluxing phenylacetylene and 2a in THF produces a small amount of [W(η2-
PhC≡CH)(η2-MeN=CPh)(acac)2]+ (10a). On the other hand, photolysis in methylene chloride 
produces the alkyne-iminoacyl cation in good yields (65-75%) (eq 10).  
 
Note that for an unsymmetrical alkyne, four NMR distinguishable isomers are 
possible (Figure 2.5). Each of the four isomers shown has an enantiomer to total eight 
isomers. All four alkyne-iminoacyl derivatives, including the two phenylacetylene and the 
two 2-butyne complexes, yield two isomers as observed by NMR spectroscopy. The isomer 
distribution is independent of the symmetry of the alkyne and is compatible with a single 
alkyne orientation relative to the two acetylacetonate chelates combined with two iminoacyl 
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orientations. The room temperature 1H NMR spectrum of the phenylacetylene adduct, 10a, 
shows two isomers in a 3:1 ratio. The terminal alkyne proton on the phenylacetylene ligand 
for the major isomer resonates downfield at 13.45 ppm in the region typical of four-electron 
donor alkynes. Both the alkyne and the iminoacyl ligands appear to be static on the NMR 
time scale. At room temperature the 13C NMR spectrum of 10a shows the iminoacyl carbon 
resonance at 217.0 ppm. The alkyne carbons of the major isomer resonate at 208.2 





































Figure 2.5. The four possible isomers of asymmetric alkyne derivative [W(η2-PhC≡CH)(η2-
MeN=CPh)(acac)2]+, 10a. 
The solid state structure of the cationic alkyne-iminoacyl complex 10a[BAr′4] shows 
the iminoacyl ligand is rotated 90° relative to reagent 2a[OTf]. The C-N linkage in 
10a[BAr′4] is roughly parallel to the trans O-W-O axis (Figure 2.6). The alkyne and 
iminoacyl ligands are (i) π-bound to the metal, (ii) cis to each other, and (iii) parallel to one 
another. The N-methyl group is proximal to the terminal alkyne proton on the 
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phenylacetylene ligand, and the two phenyl rings are proximal to each other. In spite of the π-
donor capability of the alkyne ligand, the two bonds from tungsten to the iminoacyl differ 
only slightly from those in the precursor carbonyl-iminoacyl cation. The W1-C3 bond is 
2.052(9) Å, and the W1-N2 bond is 1.990(8) Å. 
 
Figure 2.6. ORTEP diagram of [W(η2-PhC≡CH)(η2-MeN=CPh)(acac)2][BAr′4], 10a[BAr′4]. 
Thermal ellipsoids are drawn with 50% probability. Non-essential hydrogen atoms and the 
BAr′4 counterion are omitted for clarity. 
Orbital Interactions and Electron Counting. Cationic iminoacyl bis(acac) 
complexes 2a and 2b can be mapped to the same MO model as analogous neutral bis(acac) 
η2-alkyne or η2-nitrile complexes in terms of electron donation from the iminoacyl ligand and 
the oxidation state of the tungsten center (Figure 2.7). If the neutral (acac)2W(L) (L = CO, 
CNR) fragment is counted as a low valent W(II) d4 fourteen-electron moiety, four electrons 
must be supplied from the cationic iminoacyl ligand ([MeN=CR]+), equivalent to a nitrilium 
([MeN≡CR]+), to optimally utilize the available electrons and orbitals. Carbon monoxide or 
isonitrile, situated along the z-axis, will stabilize the dπ orbitals with z-character, and thus 
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dictate the location of the four W(II) metal-based electrons. Binding the cationic iminoacyl 
fragment along the x-axis further stabilizes dxz via backbonding, and also pushes the empty 
dxy orbital up in energy as the antibonding component reflecting donation from the filled π 
orbital on the [MeN≡CR]+ ligand. This bonding description treats the cationic four-electron 
donor ligand like an alkyne. The transparency of mapping [RN≡CR]+ onto RC≡CR leads us 
to favor this description for building a simple MO picture, but it is worthwhile to note that 
the final result can be constructed using [RN=CR]- and a d2 W(IV) formalism with the 


















L = CO, CNR
 
Figure 2.7. Orbital diagram for 2 and 6. 
In contrast, complexes 10a-d feature a variable electron donor alkyne that also serves 
as a single faced π-acid capable of stabilizing the filled dyz orbital while the iminoacyl ligand 
stabilizes the filled dxy orbital (Figure 2.8). Both of these π-bound ligands compete to donate 
electrons from their respective π orbitals into the empty dxz orbital, and the result is a three-
center four-electron interaction. This outcome tracks orbital diagrams describing 
M(II)bis(alkyne) (M = Mo, W) complexes,73,74 but the symmetry of two equivalent alkyne 
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donors is broken.22 Spectroscopic and structural data imply that the alkyne ligand contributes 
more electron density into dxz than the iminoacyl ligand in accord with electronegativity 
expectations. In the end a total of six electrons will be donated from the two η2-ligands, but 
combinations along a continuum ranging from 2+4 through 3+3 to 4+2 from the iminoacyl 
and alkyne ligands, respectively, are conceivable in the absence of symmetry constraints.  
 
Figure 2.8. Orbital diagram for 10. 
Phosphine Addition to Cationic Iminoacyl-Alkyne Complexes. Addition of PMe3 
to 10b[BAr′4] produces the cationic imine complex [W(η2-MeC≡CMe)(η2-
MeN=C(PMe3)Ph)(acac)2][BAr′4], 11[BAr′4], (eq 11). Two isomers are present in a ratio of 
~ 20:1. Room temperature 1H NMR data reveal hindered rotation of the alkyne as evidenced 




f1 (ppm)  
Figure 2.9. 1H NMR spectrum (400 MHz, CD2Cl2) of [W(η2-MeC≡CMe)(η2-
MeN=C(PMe3)Ph)(acac)2][BAr′4], 11[BAr′4] at 292 K. 
 
Figure 2.10. 1H NMR spectrum (400 MHz, CD2Cl2) of [W(η2-MeC≡CMe)(η2-
MeN=C(PMe3)Ph)(acac)2][BAr′4], 11[BAr′4] at 203 K. 
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Additionally, the ortho and meta phenyl protons are broad indicating hindered rotation of the 
phenyl ring. Low temperature NMR studies show sharpening and shifting of alkyne and 
phenyl resonances, eventually slowing rotation of the phenyl ring to reveal five distinct 
resonances at 203 K. (Figure 2.10) 13C NMR data indicate decreased electron donation from 
the alkyne in 11 with resonances at 182.7 and 182.8 ppm compared to the alkyne in 10b 
which has 13C signals at 208 ppm. The former iminoacyl carbon shifts upfield to 52.8 ppm 
in11 from 217.5 ppm in 10b. In spite of the direct P-C connection, no phosphorus coupling 
can be distinguished in this broad C-13 resonance. The solid state structure shows retention 
of the basic connectivity of 10a (Figure 2.11). The high diastereoselectivity (20:1) contrasts 
with the poor stereoselectivity observed in the analogous reaction to form complexes 9a (d.r. 
~ 2:1) or 9b (d.r. ~ 1:1) discussed above. 
 
Figure 2.11 ORTEP diagram of [W(η2-MeC≡CMe)(η2-MeN=C(PMe3)Ph)(acac)2][BAr′4], 
11[BAr′4]. Thermal ellipsoids are drawn with 50% probability. Hydrogen atoms and the 
BAr′4 counterion are omitted for clarity. 
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With a terminal alkyne adjacent to the iminoacyl ligand in 10a[BAr′4], addition of 
PMe3 generates an η2-vinyl species, [W(η2-MeN=CPh)(η2-PhC=C(H)PMe3)(acac)2][BAr′4], 
12[BAr′4], via attack at the terminal alkyne carbon of the coordinated phenylacetylene (eq 
12). 1H NMR spectroscopy confirms the presence of four isomers in a 10:4:3:2 ratio, and no 
acetylene proton is present at low field. The former acetylenic proton resonates at 3.04 ppm 
(2JP-H = 27 Hz) in the major isomer. The 13C NMR spectrum shows a resonance at 31.6 ppm 
(1JP-C = 85 Hz) corresponding to the four-coordinate η2-vinyl carbon as confirmed with 
HMQC spectroscopy. The other vinyl carbon resonates at 241 ppm, indicating alkylidene 
character. These resonances are typical of η2-vinyl ligands, also known as 
metallocyclopropenes. Examples of η2-vinyls generated by nucleophilic attack on a terminal 


































Reduction of the Iminoacyl Ligand. Addition of Na[HB(OMe)3] to [W(η2-
MeC≡CMe)(η2-MeN=CPh)(acac)2]+, 10b, in THF results in hydride addition to form W(η2-
MeC≡CMe)(η2-MeN=CHPh)(acac)2, 13, (eq 13). The molecule is fluxional at room 
temperature in solution, and NMR peak assignments are based on low temperature spectra. 
At 200 K, rearrangement processes are sufficiently slow to reveal the presence of four 
isomers (two diastereomers for both imine orientations) resulting from hydride addition at the 
iminoacyl carbon. The hydride added to form the imine resonates at 2.40 ppm the major 
isomer of 13, well upfield from the analogous resonance of the comparable carbonyl-imine 
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complex at 5.56 ppm.77 X-ray data for 13 reveal the phenyl ring of the iminoacyl ligand lying 
over the adjacent acetylacetonate chelate. This contrasts with structures for 8b and 10a in 
which the N-methyl group lies near the chelate ring in the two cis positions. Significant 
lengthening of both the tungsten-carbon bond [W1-C7 = 2.220(3) Å, (+0.168 Å)] and the 
nitrogen-carbon bond [N6-C7 = 1.395(4) Å, (+0.134 Å)] results from hydride addition to 
form the imine, consistent with reduction to form an sp3 hybridized carbon.  
 
Formation of a Coordinated Iminium. Alkylation of complex 13 with MeOTf 
yields four isomers of [W(η2-MeC≡CMe)(η2-Me2N=CHPh)(acac)2][OTf], 14[OTf] (eq 14). 
The proton attached on the iminium carbon resonates at 3.99 ppm (major), a downfield shift 
from the value observed for 13 (2.40 ppm). The diastereotopic nitrogen-bound methyl groups 
appear as singlets at 2.97 and 2.68 ppm, and the terminal methyl groups on the 2-butyne 
ligand coincide at 2.82 ppm, probably due to rapid alkyne rotation. The 13C NMR spectrum 
clearly supports the role of the alkyne ligand as the lone four-electron donor in 14; the two 
alkyne carbons resonate at 240 ppm. This chemical shift reflects the role of the η2-iminium 
fragment as a simple two-electron donor. The iminium carbon appears at 91 ppm. Overall, 
the original benzonitrile ligand undergoes three additions (electrophile, nucleophile, 
electrophile) and is formally reduced to a coordinated iminium fragment. The solid state 
structure shows the added methyl group is bound to the η2-iminium nitrogen and both N7 and 
C8 of the iminium ligand assume a tetrahedral geometry. The W1-N7 linkage lengthens 
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substantially to 2.190(4) Å, reflecting a loss of double bond character present in the neutral 





































We have successfully demonstrated conversion of a π-bound nitrile ligand to a π-
bound iminium proceeding through sequential addition of electrophile, nucleophile, and 
electrophile. This process is enabled by the photolytic replacement of carbon monoxide in 
W(CO)(acac)2(η2-MeN=CPh) with a variable electron donor alkyne ligand. Carbon 
monoxide can also be liberated thermally with the addition of an isonitrile or bulky 
phosphine ligand.  
Experimental 
General Information. All air- and moisture-sensitive materials were handled using 
Schlenk or glovebox techniques under a dry nitrogen or argon atmosphere, respectively. 
Glassware was oven-dried before use. Methylene chloride, diethyl ether, and hexanes were 
purified by passage through an activated alumina column under a dry argon atmosphere.78 
THF was distilled from a sodium ketal suspension. Methylene chloride-d2 was dried over 
CaH2 and degassed. Synthesis of W(acac)2 complexes not presented below is work largely 
completed by Dr. Andrew Jackson.26,49,68,79 NaBAr′4 was synthesized in accordance with 
literature procedures. 80 All other reagents were purchased from commercial sources and used 
without further purification.  
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NMR spectra were recorded on Bruker DRX400, AMX400, or AMX300 
spectrometers. 1H and 13C NMR shifts were referenced to the residual signals of the 
deuterated solvents. Phosphorus chemical shifts were referenced to H3PO4 as an external 
standard. Infrared spectra were recorded on an ASI Applied Systems React IR 1000 FT-IR 
spectrometer. Elemental analysis was preformed by Atlantic Mircrolab, Norcross, GA, and 
Robertson Microlit, Madison, NJ. Mass spectra (MS) and high resolution mass spectra 
(HRMS) were acquired with a Bruker BioTOF II reflectron time-of-flight (reTOF) mass 
spectrometer equipped with an Apollo electrospray ionization (ESI) source. Mass spectral 
data are reported for the most abundant tungsten isotope. 
W(CO)(acac)2(η2-MeN=CHMe) (3b). Under an inert atmosphere, 2b (30 mg, 0.049 
mmol) was placed in a 100-mL Schlenk flask. The flask was cooled to -78 °C and THF (15 
mL) was added. In a separate flask a solution of Na[HB(OMe)3] (7 mg, 0.055 mmol) in (5 
mL) was prepared and cannula transferred to the flask containing 2b resulting in a color 
change from green to red. After 30 min of stirring, the solvent volume was reduced in vacuo 
and hexanes (20 mL) were added to precipitate residual salts. The red supernatant was 
cannula filtered to a separate flask and the remaining solvent was removed in vacuo yielding 
a red-brown solid (17 mg, 0.035mmol, 75%). Isomer ratio 1:1. 1H NMR (CD2Cl2, 240 K, δ, 
1:1 diastereomers): 5.64, 5.46, 5.43 (s, 2:1:1, acac CH), 5.11, 4.55 (q, 1H, N-C-H, 2JH-H = 5 
Hz), 3.64, 3.57 (s, 3H, N-CH3), 2.46, 2.45, 2.20, 2.06, 2.05, 2.00, 1.98 (s, 3:3:6:3:3:3:3, acac 
CH3), 2.23, 1.96 (d, 3H, N=C-CH3, 2JH-H = 5 Hz). 13C{1H} NMR (CD2Cl2, 240 K, δ, 1:1 
diastereomers): 231.9, 231.3 (C≡O) 194.1, 193.7, 186.1, 186.0, 185.4, 184.8, 184.1, 183.7 
(acac CO), 100.9, 100.8, 99.5, 99.4 (acac CH), 56.7, 56.4 (N=C), 43.2, 41.2 (N-CH3), 9.4-
28.1 (acac CH3, N=C-CH3).  
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[W(CNtBu)(η2-MeN=CPh)(acac)2][OTf] (6a[OTf]). A 100-mL Schlenk flask was 
charged with 2a[OTf] (85 mg, 0.130 mmol) which was dissolved in methylene chloride (10 
mL) at 0 °C resulting in a burgundy solution. Addition of tert-butylisonitrile (20 μL, 0.17 
mmol) caused a color change from burgundy to deep purple within 5 min. IR spectroscopy 
indicated no metal-carbonyl absorbances. Hexanes were added to precipitate a dark purple 
powder (35 mg, 0.048 mmol, 38%). 1H NMR (CD2Cl2, 298 K, δ): 7.79 (t, 2H, m-C6H5), 7.63 
(d, 2H, o-C6H5), 7.40 (t, 1H, p-C6H5), 5.90, 5.81 (s, 1H, acac CH), 5.67 (s, 3H, N-CH3), 2.88, 
2.59, 2.34, 2.15 (s, 3H, acac CH3), 1.46 (s, 9H, -(CH3)3 ). 13C{1H} NMR (CD2Cl2, 298 K, δ): 
234.4 (N=C), 200.0, 191.6, 190.0, 189.5 (acac CO), 146.5 (CNtBu), 135.7 (ipso-C6H5), 
133.3, 128.6 (o/m-C6H5), 128.0 (p-C6H5), 102.9, 98.7 (acac CH), 59.4 (CN-C-(CH3)3), 40.0 
(N-CH3), 32.0 (-(CH3)3 ), 28.0, 26.4, 25.1, 25.0 (acac CH3). MS (ESI) m/z Calc.: 583.2 (M+), 
500.1 (M +- tBuNC). Found: 583.2, 500.1. 
 [W(CNtBu)(η2-MeN=CMe)(acac)2][BAr′4] (6b[BAr′4]). 2b[BAr′4] (51 mg, 0.038 
mmol) was dissolved in methylene chloride (10 mL) in a 100-mL Schlenk flask resulting in 
an olive green solution. Addition of tert-butylisonitrile (10 μL, 0.084 mmol) at 0 °C caused a 
color change to red over 30 min of stirring. Hexanes (25 mL) were added to precipitate a red 
solid (45 mg, 0.033 mmol, 85%). 1H NMR (CD2Cl2, 298 K, δ): 5.82, 5.73 (s, 1H, acac CH), 
5.38 (s, 3H, N-CH3), 4.63 (s, 3H, N=C-CH3), 2.86, 2.55, 2.25, 2.10 (s, 3H, acac CH3), 1.50 
(s, 9H, C-(CH3)3). 13C{1H} NMR (CD2Cl2, 240 K, δ): 239.8 (N=C), 199.8, 191.0, 189.1, 
189.0 (acac CO), 146.2 (CNtBu), 102.5, 98.6 (acac CH), 58.5 (C-(CH3)3), 38.5 (N-CH3), 32.1 
(C-(CH3)3), 27.6, 26.0, 24.6, 24.5 (acac CH3), 18.5 (N=C-CH3). HRMS (ESI) m/z Calc.: 
521.163 (M +), 438.089 (M +- tBuNC). Found: 521.148, 438.071. 
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 [W(2,6-dimethylphenylisonitrile)(η2-MeN=CMe)(acac)2][BAr′4] (6c[BAr′4]). A 
100-mL Schlenk flask was charged with 2b[BAr′4] (55 mg, 0.041 mmol) which was 
dissolved in methylene chloride (10 mL) resulting in an olive green solution. Addition of 2,6-
dimethylphenylisonitrile (6 mg, 0.046 mmol) at 0 °C caused a color change to red over 30 
min of stirring. Addition of hexanes (25 mL) led to precipitation of a red solid (47 mg, 0.033 
mmol, 79%). The product was dissolved in a small amount of diethyl ether and layered with 
hexanes in an inert atmosphere at -30 °C. After three days red-brown needles formed, and 
these were suitable for X-ray analysis. 1H NMR (CD2Cl2, 298 K, δ): 7.26 (d, 2H, m-
C6H3Me2), 7.05 (t, 1H, p-C6H3Me2), 5.82, 5.78 (s, 1H, acac CH), 5.26 (s, 3H, N-CH3), 4.61 
(s, 3H, N=C-CH3), 2.83, 2.51, 2.28, 2.13 (s, 3H, acac CH3), 2.51 (s, 6H, C6H3(CH3)2). 
13C{1H} NMR (CD2Cl2, 298 K, δ): 239.8 (Me-N=C-Ph), 200.0, 191.4, 190.0, 189.4 (acac 
CO), 137.2, 130.3, 128.1 (C6H3Me2), 103.0, 98.7 (acac CH), 38.7 (N-CH3), 27.9, 26.4, 25.1, 
24.9 (acac CH3), 19.4 (N=C-CH3), 18.7 (C6H3(CH3)2). HRMS (ESI) m/z Calc.: 569.164 (M 
+), 438.090 (M +- ArNC). Found: 569.166, 438.093. 
[W(2,6-dimethylphenylisonitrile)(η2-MeN=CPh)(acac)2][OTf] (6d[OTf]). A 100-
mL Schlenk flask was charged with 2a[OTf] (100 mg, 0.148 mmol) which was dissolved in 
methylene chloride (20 mL) at 0 °C resulting in a burgundy solution. Addition of 2,6-
dimethylphenyisonitrile (20 mg, 0.152 mmol) caused a color change from burgundy to deep 
purple within 5 min. IR spectroscopy indicated no metal-carbonyl absorbances. Hexanes 
were added to precipitate a dark purple powder. 1H NMR (CD2Cl2, 240 K, δ): 7.08-7.74 
(aromatics), 5.89, 5.86 (s, 1H, acac CH), 5.47 (s, 3H, N-CH3), 2.81, 2.50, 2.35, 2.15 (s, 3H, 
acac CH3), 2.26 (s, 6H, C6H3(CH3)2). 13C{1H} NMR (CD2Cl2, 240 K, δ): 232.7 (N=C), 
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199.1, 190.3, 188.7, 188.5 (acac CO), 166.1 (Ar-N≡C), 118.9-137.0 (aromatics), 102.8, 98.8 
(acac CH), 40.4 (N-CH3), 28.0, 26.4, 25.2, 25.0 (acac CH3), 18.3 (C6H3(CH3)2). 
W(CNtBu)(η2-MeN=CHPh)(acac)2 (7a). A Schlenk flask was charged with 2a (84 
mg, 0.124 mmol) and CH2Cl2. The flask was cooled to 0 °C and tBuNC (30 μL, 0.253 mmol) 
was added. The solution was stirred for 5 min and brought to room temperature over 20 min. 
Solvent was removed and the product was washed with hexanes and redissolved in THF. In a 
separate flask, NaHB(OMe)3 (38 mg, 0.298 mmol) was dissolved in THF and both flasks 
were cooled to -78 °C. The solutions were combined resulting in a slow color change to red-
purple. The product was extracted with hexanes to yield a red-purple product. Isomer ratio 
4:1. 1H NMR (CD2Cl2, 298 K, δ, major diastereomer): 6.85-7.5 (C6H5), 5.80, 5.37 (s, 1H, 
acac CH), 4.74 (s, 1H, N=CHPh), 3.74 (s, 3H, N-CH3), 2.88, 2.52, 2.10, 2.02 (s, 3H, acac 
CH3), 0.68 (s, 9H, -(CH3)3). 13C{1H} NMR (CD2Cl2, 298 K, δ, major diastereomer): 193.1, 
185.9, 184.2 (acac CO), 151.2 (CNtBu), 124.9-132.7 (C6H5), 100.4, 99.1 (acac CH), 70.0 
(CN-C-(CH3)3), 62.7 (N=C), 44.2 (N-CH3), 31.7 (-(CH3)3 ), 28.0, 27.6, 26.2, 25.8 (acac 
CH3). 
W(2,6-dimethylphenylisonitrile)(η2-MeN=CHPh)(acac)2 (7b). A Schlenk flask was 
charged with W(CO)(η2-MeN=CPh)(acac)2[OTf] (100 mg, 0.148 mmol) and 2,6-
dimethylphenyl isonitrile (20 mg, 0.152 mmol). The flask was cooled to -78 °C was CH2Cl2 
(20 mL) was added, resulting in an immediate color change to purple. The solution was 
stirred at -78 °C for 15 min and brought to room temperature over 30 min. Solvent was 
removed and the product was washed with hexanes and redissolved in THF. In a separate 
flask, NaHB(OMe)3 (19 mg, 0.149 mmol) was dissolved in THF and both flasks were cooled 
to -78 °C. The solutions were combined resulting in a slow color change to red-purple. The 
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product was extracted with hexanes to yield a red-purple product (74 mg, 0.117 mmol, 79 
%). Isomer ratio 4:1. 1H NMR (CD2Cl2, 298 K, δ, major diastereomer): 6.65-7.18 
(aromatics), 5.83, 5.43 (s, 1H, acac CH), 5.03 (s, 1H, N=CHPh), 3.73 (s, 3H, N-CH3), 2.85, 
2.41, 2.18, 2.03 (s, 3H, acac CH3), 1.99 (s, 6H, C6H3(CH3)2). 13C{1H} NMR (CD2Cl2, 240 K, 
δ, major diastereomer): 193.4, 186.1, 184.1, 180.2 (acac CO), 149.6 (Ar-N≡C), 124.0-133.6 
(aromatics), 101.2, 98.1 (acac CH), 65.4 (N=C), 40.4 (N-CH3), 34.7, 27.6, 25.7, 25.3 (acac 
CH3), 19.4 (C6H3(CH3)2). 
W(CNtBu)(η2-MeN=C(PMe3)Ph)(acac)2[OTf] (9b[OTf]). A Schlenk flask was 
charged with 2b (50 mg, 0.074 mmol) and CH2Cl2. The flask was cooled to 0 °C and tBuNC 
(12 μL, 0.101 mmol) was added. The solution was stirred for 15 min and a loss of a CO 
absorbance was detected by IR spectroscopy. PMe3 (20 μL, 0.194 mmol) was added to the 
solution, resulting in a color change to purple-pink. Isomer ratio 1:1. 1H NMR (CD2Cl2, 298 
K, δ, 1:1 diastereomers): 6.7-7.39 (C6H5) 6.31, 5.88, 5.69, 5.13 (s, 1H, acac CH), 4.36, 4.35 
(s, 3H, N-CH3) 3.48, 3.07, 2.80, 2.35, 2.34, 2.03, 1.86, 1.83 (s, 3H, acac CH3), 1.93, 1.64 (d, 
9H, P(CH3)3, 2JP-H = 13 Hz), 1.27, 0.91 (s, 9H, -(CH3)3). 31P{1H} NMR (CD2Cl2, 298 K, δ, 
1:1 diastereomers): 38.1, 36.5 (PMe3, 2JP-W = 17 Hz). 
W(η2-PhC≡CH)(η2-MeN=CPh)(acac)2][BAr4'] (10a[BAr′4]). In the drybox 125 mg 
of 2a[BAr′4] (0.090 mmol) was placed in a Schlenk tube. Methylene chloride was added (50 
mL) followed by phenylacetylene was added (50 μL, 0.45 mmol). The vessel was placed in a 
photolysis chamber for 3 h, resulting in a color change from burgundy to light yellow. The 
solvent was removed in vacuo yielding a yellow/brown solid. Column chromatography on 
silica using methylene chloride eluted a dark yellow band (92 mg, 0.063 mmol, 70%). 
Yellow crystals suitable for X-ray diffraction formed in after few days via evaporation of a 
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50:50 mixture of methylene chloride and hexanes. Isomer ratio 3:1. IR (KBr): νC≡C = 1735 
cm-1. 1H NMR (CD2Cl2, 298 K, δ, major isomer): 13.45 (s, 1H, PhC≡CH), 5.90, 5.88 (s, 1H, 
acac CH), 3.80 (s, 3H, N-CH3), 2.62, 2.60, 1.92, 1.86 (s, 3H, acac CH3). 1H NMR (CD2Cl2, 
298 K, minor isomer): 13.47 (s, 1H, PhC≡CH), 5.88, 5.63 (s, 1H, acac CH), 4.21 (s, 3H, N-
CH3), 2.67, 2.48, 1.90, 1.80 (s, 3H, acac CH3). 13C{1H} NMR (CD2Cl2, 298 K, δ, major 
isomer): 217.0 (N=C) 208.2 (PhC≡CH), 204.6 (PhC≡CH), 195.1, 191.7, 189.0, 184.6 (acac 
CO), 105.1, 104.6 (acac CH), 38.7 (N-CH3), 28.4, 28.3, 26.7, 25.2 (acac CH3). 13C{1H} 
NMR (CD2Cl2, 298 K, δ, minor isomer): 221.5 (N=C), 214.1 (PhC≡CH), 206.4 (PhC≡CH), 
196.2, 192.2, 188.1, 186.5 (acac CO), 104.8, 104.3 (acac CH), 37.2 (N-CH3), 28.9, 28.5, 
26.4, 25.8 (acac CH3). Anal. Calcd for WC58H40O4F24NB: C, 47.54; H, 2.75; N, 0.96. Found: 
C, 47.52; H, 2.44; N, 1.06%. 
[W(η2-MeC≡CMe)(η2-MeN=CPh)(acac)2][BAr4'] (10b[BAr′4]). In the drybox 270 
mg of 2a[OTf] (0.399 mmol) was placed in a Schlenk tube. Methylene chloride was added 
(60 mL) followed by 2-butyne (100 μL, 1.27 mmol). The tube was placed in a photolysis 
chamber for 3 h, resulting in a color change from burgundy to light yellow. Counterion 
exchange occurred by adding Na[BAr4'] (350 mg, 0.0395 mmol) and stirring for 2 h. 
Column chromatography on silica using methylene chloride eluted a yellow band (367 mg, 
0.259 mmol, 65%). 1H NMR (CD2Cl2, 298 K, δ, major isomer): 5.83, 5.82 (s, 1H, acac CH), 
3.72 (s, 3H, N-CH3), 3.19 (s, 6H, H3C-C≡C-CH3), 2.64, 2.55, 1.89, 1.81 (s, 3H, acac CH3). 
13C{1H} NMR (CD2Cl2, 298 K, δ, major isomer): 217.5 (N=C), 211.0 (MeC≡CMe), 194.6, 
191.6, 189.6, 185.2 (acac CO), 104.5, 104.1 (acac CH), 37.8 (N-CH3), 28.5, 28.2, 26.8, 25.3 
(acac CH3), 18.4 (H3C-C≡C-CH3). Anal. Calcd for WC54H40O4NBF24: C, 45.75; H, 2.85; N, 
0.99. Found: C, 45.96; H, 2.91; N, 0.89%.  
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[W(η2-PhC≡CH)(η2-MeN=CMe)(acac)2][BAr4'] (10c[BAr′4]). In the drybox 50 mg 
of 2b[BAr′4] (0.038 mmol) was placed in a Schlenk tube. Methylene chloride was added (40 
mL) followed by phenylacetylene (15 μL, 0.14 mmol). The vessel was placed in a photolysis 
chamber for 3 h, resulting in a color change from olive green to light yellow. The solvent was 
removed in vacuo yielding a yellow/brown solid. Column chromatography on silica using 
methylene chloride eluted a dark yellow band (38 mg, 0.027 mmol, 72%). Isomer ratio 6:1. 
1H NMR (CD2Cl2, 298 K, δ, major isomer): 13.25 (s, 1H, PhC≡CH), 5.84 (s, 2H, acac CH), 
3.45 (s, 3H, N-CH3), 3.15 (s, 3H, N=C-CH3), 2.58, 2.55, 1.87, 1.86 (s, 3H, acac CH3). 
13C{1H} NMR (CD2Cl2, 298 K, δ, major isomer): 229.0 (N=C), 209.9 (PhC≡CH), 204.5 
(PhC≡CH), 195.6, 192.0, 188.8, 183.8 (acac CO), 105.1, 104.3 (acac CH), 37.6 (N-CH3), 
28.9, 28.3, 26.6, 25.0 (acac CH3), 16.7 (N=C-CH3). Anal. Calcd for WC53H38O4F24NB: C, 
45.36; H, 2.73; N, 1.00. Found: C, 45.43; H, 2.67; N, 1.01%.  
[W(η2-MeC≡CMe)(η2-MeN=CMe)(acac)2][BAr4'] (10d[BAr′4]). In the drybox 50 
mg of 2b[BAr′4] (0.038 mmol) was placed in a Schlenk tube. Methylene chloride was added 
(40 mL) followed by 2-butyne (0.10 mL, 1.28 mmol). The vessel was placed in a photolysis 
chamber for 3 h, resulting in a color change from olive green to light yellow. The solvent was 
removed in vacuo yielding a yellow/brown solid. Column chromatography on silica using 
methylene chloride eluted a dark yellow band (38 mg, 0.028 mmol, 75%). Isomer ratio 5:1. 
IR (KBr): νC≡C = 1764 cm-1. 1H NMR (CD2Cl2, 298 K, δ, major isomer): 5.79, 5.75 (s, 1H, 
acac CH), 3.34 (s, 3H, N-CH3), 3.12 (s, 6H, H3C-C≡C-CH3), 3.01 (s, 3H, N=C-CH3), 2.56, 
2.49, 1.84, 1.81 (s, 3H, acac CH3). 1H NMR (CD2Cl2, 298 K, minor isomer): 5.82, 5.63 (s, 
1H, acac CH), 3.64 (s, 3H, N-CH3), 3.08 (s, 6H, H3C-C≡C-CH3), 2.78 (s, 3H, N=C-CH3), 
2.63, 2.45, 1.84, 1.79 (s, 3H, acac CH3). 13C{1H} NMR (CD2Cl2, 298 K, δ): 230.1 (N=C), 
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210.9 (MeC≡CMe), 195.2, 191.5, 189.2, 183.9 (acac CO), 104.3, 103.7 (acac CH), 36.7 (N-
CH3), 28.7, 28.4, 26.8, 25.1 (acac CH3), 18.0 (H3C-C≡C-CH3), 15.7 (N=C-CH3). Anal. Calcd 
for WC49H38O4F24NB: C, 43.42; H, 2.83; N, 1.03. Found: C, 43.40; H, 2.73; N, 1.06%. 
[W(η2-MeC≡CMe)(η2-MeNC(PMe3)Ph)(acac)2][BAr4'] (11[BAr′4]). A Schlenk 
flask was charged with 10b[BAr′4] (52 mg, 0.037 mmol) and CH2Cl2 (15 mL) resulting in a 
yellow solution. Addition of PMe3 (10 μL, 0.097 mmol) produced no visible color change 
over the course of stirring for 20 min Hexanes (20 mL) were added to precipitate a pale 
yellow powder (32 mg, 0.021 mmol, 59%). Yellow crystals suitable for X-ray analysis were 
obtained by layering pentane over a methylene chloride solution of the product in an inert 
atmosphere and storing at -30 °C for several days. Isomer ratio 20:1. 1H NMR (CD2Cl2, 298 
K, δ, major diastereomer): 7.36 (br s, 3H, o/m-C6H5), 7.08 (t, 1H, p-C6H5), 6.30 (br s, 1H, o-
C6H5), 5.75, 5.48 (s, 1H, acac CH), 3.66 (s, 3H, N-CH3), 2.78, 1.42 (s, 3H, CH3-C≡C-CH3), 
2.43, 2.34, 1.86. 1.76 (s, 3H, acac CH3), 1.71 (d, 9H, P-(CH3)3, 2JP-H = 13 Hz). 1H NMR 
(CD2Cl2, 203 K, δ, major diastereomer): 7.27, 6.17 (d, 1H, o-C6H5, 2JH-H = 6Hz), 7.38, 7.13 
(t, 1H, m-C6H5, 2JH-H = 6Hz), 6.98 (t, 1H, p-C6H5, 2JH-H = 6Hz), 5.66, 5.39 (s, 1H, acac CH),  
3.66 (s, 3H, N-CH3), 2.69, 1.16 (s, 3H, CH3-C≡C-CH3), 2.36, 2.26, 1.78. 1.68 (s, 3H, acac 
CH3), 1.64 (d, 9H, P-(CH3)3, 2JP-H = 13 Hz). 13C{1H} NMR (CD2Cl2, 203 K, δ, major 
diastereomer): 191.6, 188.0, 185.5, 184.2 (acac CO), 182.8, 182.7 (MeC≡CMe), 141.7, 
128.0, 125.4, 123.1 (C6H5), 102.7, 101.6 (acac CH), 52.8 (N-C-PMe3), 42.9 (N-CH3), 28.2, 
27.4, 26.4, 25.9 (acac CH3), 15.8, 13.0 (CH3-C≡C-CH3), 11.6 (d, P-(CH3)3, 1J P-C = 51 Hz). 
31P NMR (CD2Cl2, 203 K, δ, major diastereomer): 35.1 (PMe3). Anal Calcd for 
WC57H49BF24NO4P: C, 45.84; H, 3.31; N, 0.94. Found: C, 45.82; H, 3.28; N, 0.83%. 
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[W(η2-PhC=C(H)PMe3)(η2-MeN=CPh)(acac)2][BAr4'] (12[BAr′4]). A Schlenk 
flask was charged with 10a[BAr′4] (48 mg, 0.033 mmol) and CH2Cl2 (15 mL) resulting in a 
yellow solution. Addition of PMe3 (10 μL, 0.097 mmol) produced no visible color change 
over the course of stirring for 20 min. Hexanes (20 mL) were added and the solvent was 
removed to produce a yellow powder (35 mg, 0.023 mmol, 69%). Isomer ratio 10:4:3:2. 1H 
NMR (CD2Cl2, 298 K, δ, major isomer): 5.81, 5.57 (s, 1H, acac CH), 3.83 (s, 3H, N-CH3), 
3.04 (d, 1H, C=C-H, 2JP-H = 27 Hz), 2.25, 2.24, 1.94, 1.82 (s, 3H, acac CH3), 1.70 (d, 9H, P-
(CH3)3, 2JP-H = 13 Hz). 13C{1H} NMR (CD2Cl2, 298 K, δ, major isomer): 240.9 
(C=C(H)PMe3), 218.2 (N=C), 190.9, 190.5, 187.0, 185.4 (acac CO), 102.4, 102.2 (acac CH), 
35.3 (N-CH3), 31.6 (d, C=C(H)PMe3, 1JP-C = 85 Hz), 28.1, 27.7, 27.5, 26.3 (acac CH3), 13.0 
(d, P-(CH3)3, 1JP-C = 55 Hz). 31P NMR (CD2Cl2, 298 K, δ, major isomer): 34.8 (PMe3, 2JP-W = 
34 Hz). 
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Table 2.1. Crystal and data collection parameters for [W(CN-C6H3Me2)(η2-
MeN=CMe)(acac)2][BAr′4] (6c[BAr′4]), [W(η2-PhC≡CH)(η2-MeN=CPh)(acac)2][BAr′4] 
(10a[BAr′4]), and [W(η2-MeC≡CMe)(η2-MeNC(PMe3)Ph)(acac)2][BAr4'] (11[BAr′4]). 
Complex 6c[BAr′4] 10a[BAr′4] 11[BAr′4] 
empirical formula C54H41BF24N2O4W ·½ Et2O 
C58H40BF24NO4W C57H49BF24NO4PW 
fw 1469.61 1465.57 1493.60 
color Red/brown Yellow Yellow 
T (K) 100(2) 100(2) 100(2) K 
λ (Ǻ) 0.71703 0.71703 0.71073 
cryst syst Triclinic Triclinic Monoclinic 
space group P-1 P-1 P21/c 
a (Å) 13.0368(4) 12.9884(4) 12.7556(3) 
B (Å) 13.0932(3) 14.3778(5) 19.0951(5) 
c (Å) 20.0413(6) 17.9290(6) 24.7718(6) 
α (deg) 76.898(2) 111.900(2) 90 
β (deg) 80.350(2) 99.667(2) 96.020(1) 
γ (deg) 78.311(2) 99.845(2) 90 
Vol. (Å3) 3236.10(16) 2960.84(17) 6000.4(3) 
Z 2 2 4 
ρcalcd (mg/m3) 1.508 1.644 1.653 μ, mm-1 1.90 2.073 2.072 
F(000) 1454 1444 2960 
Crystal size (mm3) 0.20 x 0.20 x 0.05 0.15 x 0.15 x 0.10 0.43 x 0.37 x 0.16 











Reflections Collected 24028 43710 110435 
Independent reflections 11344 10391 10560 
Data/restraints/parameters 11344/0/798 10391/0/808 10560/168/896 
Goodness-of-fit on F2 1.018 1.074 1.079 
R1, wR2[I>2σ(I)] 0.0663, 0.1725 0.0611, 0.1361 0.318, 0.0750 
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Reactivity Patterns of Bis(acetylacetonate)Tungsten (IV) Complexes 
Containing a π-Basic Diazoalkane and Oxo Ligand  
 
Introduction 
The reduction of carbon-nitrogen multiple bonds is an important topic spanning 
multiple branches of chemistry. In organometallic chemistry, one example of such a 
reduction is seen in the homogeneous hydrogenation of nitriles.1-6 Stepwise reduction of σ-
bound nitriles to amines has been achieved at a single metal site.7-9 Sequential addition of 
nucleophiles and electrophiles to the carbon-nitrogen triple bond produces stepwise 
reduction of the acetonitrile ligand in [Tp′W(CO)(RC≡CR′)(N≡CMe)][BF4].8,9 Reduction of 
a π-bound nitrile ligand to a π-bound iminium ligand has been enabled by introducing an 
alkyne ligand into the coordination sphere.10,11 Reduction of the carbon-nitrogen bond in 
diazoalkane ligands (M=N-N=CR2) is yet another examples of metal activation of ligand -
C=N- moieties toward the addition of electrophiles and/or nucleophiles.12-15 
In Chapter 2 we described a number of tungsten(II) bis(acetylacetonate) complexes 
with two π-acids in the coordination sphere. We now expand this field of study by oxidation 
of the metal to generate tungsten(IV) bis(acetylacetonate) d2 complexes with π-basic 
diazoalkane or oxo ligands in the coordination sphere. In this work, we explore carbon-
nitrogen bond reduction of a diazoalkane ligand in a tungsten(IV) carbon monoxide complex. 
Additionally, reduction of a π-bound nitrile to an imine ligand in a tungsten(IV) oxo complex 
is reported. 
Results and Discussion 
W(IV) Diazoalkane Synthesis. Metal-ligand multiple bonds are prominent in early 
transition metal complexes particularly in complexes where the metal is in a high oxidation 
state. Multiple bonds are important in a range of chemical processes such as catalysis, 
enzymatic transformations, and formation of electronic materials.16 Diazoalkane complexes 
with multiple metal-nitrogen bonds are relevant to the synthesis of metallacarbenes,12-15 
which are directly implicated in a variety of organic transformations, particularly 
cyclopropanation reactions.17-20 Many stable diazoalkane complexes have been isolated 
without extrusion of the N2 fragment, although thermolysis often leads to N2 elimination to 
form metallacarbene complexes or decomposition products.12-15,21,22 Several coordination 
modes are possible in monomeric metal complexes for diazoalkane ligands: side-on 
coordination through the N-N π-bond or, more commonly, coordination through either 
nitrogen or the carbon.12-15 Previous success promoting η2-coordination of ligands such as 
nitriles, ketones, and aldehydes to the W(CO)(acac)2 fragment led us to ask whether η2-
coordination of diazoalkane ligands might be realized with this d4 fragment.23,24 
Addition of 1 equiv of (trimethylsilyl)diazomethane to a CH2Cl2 solution of 
W(CO)3(acac)2 leads to a color change from light brown to green-brown (eq 1). Monitoring 
the reaction progress via IR spectroscopy reveals a single CO stretch at 1915 cm-1 after 30 
min, indicative of loss of two equivalents of carbon monoxide. 1H NMR spectroscopy 
indicates formation of a bis(acac) tungsten species with the presence of a trimethylsilyl group 
as well as a signal for one proton at 8.00 ppm, compatible with formation of 
W(CO)(acac)2(N2CHSiMe3) (1-N2CHSiMe3). This result follows the pattern of reactivity 
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reported by Hillhouse and Haymore where addition of diazoalkane to W(CO)3(S2CNR2)2 
forms a monocarbonyl complex with terminally-bound diazoalkane.25 A 13C NMR signal at 
168 ppm for the diazomethane carbon of 1-N2CHSiMe3 is in the range for end-on 
coordination of the terminal nitrogen.  The 13C NMR signal is broad due to the influence of 
the adjacent quadrupolar nitrogen. 13C NMR spectroscopy also reveals a metal carbonyl 


























Reacting diphenyldiazomethane with W(CO)3(acac)2 produces 
W(CO)(acac)2(N2CPh2) (1-N2CPh2), a diphenyl analog of 1-N2CHSiMe3 (eq 1). An infrared 
absorbance appears at 1910 cm-1 for 1-N2CPh2. A 13C NMR spectrum of 
W(CO)(acac)2(N2CPh2) exhibits a carbon monoxide signal at 269 ppm with tungsten 
satellites (1JC-W = 209 Hz). The diazomethane N=C carbon at 161 ppm also has tungsten 
satellites (3JC-W = 7 Hz).  
1-N2CPh2 was concentrated in a solution of methylene chloride and stored under N2 
at -35 °C. After four weeks, green-brown X-ray quality crystals formed. As anticipated from 
13C NMR data, the solid state structure shows end-on coordination of the 
diphenyldiazomethane ligand (Figure 3.1). The W(1)-N(17)-N(18) linkage is nearly linear 
(177.2(2)°) and the N(17)-N(18)-C(19) linkage is bent and the angle of 120.8(3)° is in accord 
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with an sp2-hybridized nitrogen. The W(1)-N(17) bond length is 1.796(3) Å while the N(17)-
N(18) bond length is 1.310(4) Å and the N(18)-C(19) bond length is 1.302 (4) Å. The bond 
lengths are consistent with six-electron donation from the terminal nitrogen to the metal 
center via a multiple bond. 12,13,15  
 
Figure 3.1. ORTEP diagram (50% ellipsoids) of W(CO)(Ph2CN2)(acac)2, 1-N2CPh2. 
Hydrogen atoms and one equiv CH2Cl2 solvent are omitted. 
The reaction of W(CO)3(acac)2 with ethyl diazoacetate produces 
W(CO)(acac)2(N2CHCOOEt) (1-N2CHCOOEt) (eq 1). The 1H NMR spectrum of 1-
N2CHCOOEt is consistent with a bis(acac) species. Signals for an ethyl group and a single 
proton resonance at 7.6 ppm are indicative of the N-bound diazoacetate ligand. 
Two different formalisms exist for evaluating the electron donation of the 
diazoalkane ligand.15 By the neutral formalism the ligand is neutral and donates four 
electrons to the metal through two covalent bonds and one dative bond. In the ionic 
formalism, the ligand may be considered reduced by the metal center into a hydrazonido 
moiety with a -2 charge. The hydrazonido ligand donates six electrons to the d2 W(IV) metal 
center. The diazoalkane complexes reported herein are evaluated using the ionic formalism. 
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Reactivity of Diazoalkane Complexes. Diazoalkane complexes display varied 
reactivity.12-14 Most reactivity studies have focused on thermolysis of diazoalkane 
complexes, addition of electrophiles, or addition of nucleophiles. All three reactivity modes 
were investigated for the diazoalkane complexes synthesized in this work.  
Thermolysis often leads to dinitrogen loss and production of metallacarbene species. 
Rearrangement or other structural changes in the diazoalkane complex may also occur.  
In the presence of protic acids, the diazoalkane ligand may lose dinitrogen and 
generate free organic products. Additionally, protonation of the coordinated diazoalkanes 
may be directed to the carbon and/or to the terminal nitrogen to yield intact organometallic 
species. For example, the reaction of [Rh2(μ-N2CHCO2Et)(CO)2(dppm)2] with HBF4 leads to 
formation of the cationic diazene complex [Rh2(μ-N2CH2CO2Et)(CO)2(dppm)2][BF4].26 
However, addition of H[BF4] to MoX(N2R)(dppe)2 yields the alkylhydrazido complex 
[MoX(N2HR)(dppe)2][BF4].27-30 Addition of excess HBr to W(Me2NCS2)2(CO)(N2CHAr) 
leads to addition of two equivalents of HBr to form W(Me2NCS2)2Br2(N2H2CHAr).25  
Reactions of molybdenum or tungsten diazoalkane complexes with nucleophiles may 
lead to addition to the carbon atom of the coordinated diazoalkane to form an alkyldiazene 
complex.12,13,30-34 Four-electron donating diazoalkane ligands are susceptible to nucleophilic 
attack at carbon, rather than electrophilic addition at nitrogen. For example, addition of 
LiAlH4 to [WX(N2CHR)(dppe)2][X] leads to formation of [WX(N2CH2R)(dppe)2].33  
Addition of MeOTf to 1-N2CHSiMe3 causes decomposition. However, addition of a 
nucleophilic hydride donor, Na[HB(OMe)3], leads to a color change from green to orange. 
The product of this reaction is unstable and resists isolation. Addition of H[BF4] to the in situ 
hydride addition complex produces an isolable air-sensitive green product (eq 2). 1H NMR 
spectroscopy reveals a broad triplet at 9.22 ppm that correlates to a proton signal near 3.5 
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ppm by HMQC NMR spectroscopy (Figure 3.2). These results are consistent with 
nucleophilic addition at carbon followed by electrophilic addition at nitrogen. We believe 
this is the first example of sequential addition of nucleophile followed by electrophile to a 







Figure 3.2. 1H NMR spectrum (400 MHz, CD2Cl2) of product formed from H- followed by 
H+ addition to W(CO)(acac)2(N2CHSiMe3) (1-N2CHSiMe3). 
Thermolysis of 1-N2CPh2 in refluxing THF leads to formation of multiple products 
by 1H NMR spectroscopy. Chromatography on silica yields a mono(acac) product (Figure 




Figure 3.3. 1H (top, 500 MHz, CD2Cl2) and 13C NMR (bottom, 125 MHz, CD2Cl2) spectra of 
the thermolysis product formed from W(CO)(acac)2(N2CPh2) (1- N2CPh2). 
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one acac -CO peak at 196 ppm and one at 151 ppm (Figure 3.3). The carbon of the 
diazomethane is located at 151 ppm, consistent with a six-electron donating diazoalkane 
ligand. No carbon monoxide absorbance is evident by IR spectroscopy. 
Oxidation of W(II) Alkyne Carbonyl Complexes to W(IV) Alkyne Oxo 
Complexes. Preparation of W(IV) bis(acetylacetonate) complexes with diazoalkane reagents 
led us to search for other oxidants that could produce multiply bound ligands in our tungsten 
bis(acac) system. For octahedral Group VI complexes, π-conflicts invariably exist between 
carbonyl ligands and multiply-bound, cylindrically symmetrical carbyne or oxo ligands.16,35-
38 In the case of carbonyl-oxo complexes, the carbonyl and oxo ligands prefer a cis geometry 
to minimize sharing dπ orbitals in this mixed π-acid/π-base system. In contrast, the use of a 
single-faced π-acid such as an olefin or an alkyne allows selective stabilization of a single dπ 
orbital to accommodate a π-base and a π-acid in the same coordination sphere. Therefore, use 
of oxo ligands with single-faced π-acid ligands should be possible in W(IV) d2 
bis(acetylacetonate) systems. 
Oxidation of metal carbonyl species by a metal oxo transfer oxidant or O2 or other 
oxidants is well-known.16,38-55 Of the Group VI metals, molybdenum-oxo linkages have 
received considerable attention due to their presence in biological enzymes.49-52 Tungsten-
oxo complexes have been implicated as both precursors and active species in olefin 
metathesis.55,56 Additionally, a number of tungstoenzymes have received attention in recent 
years.51,52  
The oxo ligand, O2-, is best described as a closed-shell anion with a -2 oxidation 
state.16 Metal-oxo π-bonding occurs when a metal possesses empty d orbitals, hence the 
prevalence of oxo complexes with high valent metal centers. The oxo ligand is often 
described as forming a double bond, but it is capable of forming a triple bond to the metal 
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center (Figure 3.4). The oxo ligand possesses one filled orbital with σ symmetry and two 
filled p orbitals with π symmetry which can build multiple bond character. When drawn as a 
triple bond, the oxo ligand functions as a dianionic ligand and as a 6-electron donor, as is 
usually seen for monooxo metal complexes. In this work, our focus will be on examples 
illustrating oxygen atom replacement of CO to produce monomers reflecting simple 
replacement of CO with O, a formal two-electron oxidation of the metal.  
 
Figure 3.4. Binding modes of the oxo ligand. 
Previous work has explored such exchange in the tungsten bisdithiocarbmate system 
in which an oxygen atom transfer reagent reacts with W(CO)(S2CNR2)2(η2-RC≡CR) to form 
W(O)(S2CNR2)2(η2-RC≡CR).43 In a cognate system, oxidation of W(CO)(acac)2(η2-
PhC≡CH) with the traditional oxidant pyridine N-oxide was unsuccessful.38,53,54 However Dr. 
Andrew Jackson has shown treatment of W(CO)(acac)2(η2-PhC≡CH) (1-PhC≡CH) with m-
chloroperoxybenzoic acid (MCPBA)57,58 in methylene chloride at 0 °C leads to clean 
formation of the neutral oxo complex W(O)(acac)2(η2-PhC≡CH) (2-PhC≡CH) (eq 3). IR 
spectroscopy confirms the absence of any metal-carbonyl C≡O absorbances. 
 
At room temperature, the 1H NMR spectrum of 2-PhC≡CH shows a mixture of two 
isomers in a 1.2:1 ratio. The isomers stem from the rotation of the terminal alkyne ligand into 
the xy plane upon coordination of the π-basic oxo ligand (if the carbonyl and oxo ligands are 
sited on the z-axis). The parent complex 1-PhC≡CH displays a broad singlet at ~13.0 ppm at 
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room temperature, indicative of alkyne rotation on the NMR timescale. In contrast, the 
phenylacetylene ligand in 2-PhC≡CH does not freely rotate on the NMR timescale. Two 
sharp singlets are observed for the terminal alkyne proton at 11.38 and 11.11 ppm, each 
accompanied by tungsten satellites (2JW-H = 14 Hz), corresponding to the two distinct spatial 
locations of the terminal acetylenic hydrogen. 
A symmetric diphenylacetylene derivative W(O)(acac)2(η2-PhC≡CPh) (2-PhC≡CPh) 
was synthesized to avoid the complications arising from two isomers (eq 3). This complex is 
more stable than its phenylacetylene counterpart with no decomposition seen after exposure 
to air for 1 h. In the 13C NMR spectrum of 2-PhC≡CPh, the two alkyne carbon signals 
resonate at 172.4 and 166.9 ppm, in the range for a three-electron donor alkyne.59 As is often 
the case, the oxo ligand can be drawn as either doubly or triply bonded to indicate oxo to 
metal π-bonding. Complexes boasting an alkyne cis to an oxo ligand have been investigated, 
and for metal centers with d2 configurations it is clear that the alkyne π orbital and a p 
orbital on the oxo ligand compete for electron donation into a vacant dπ metal orbital to 
generate a three-center four-electron bond.39-46  
The solid state structure of 2-PhC≡CPh shows the alkyne ligand arranged cis to the 
newly formed oxo-ligand, as in the analogous CO complex 1-PhC≡CH (Figure 3.5).24 Note 
that the C-C bond of the alkyne is perpendicular to the W-O bond of the oxo linkage. This 
contrasts with the precursor alkyne-CO complex, W(CO)(acac)2(η2-PhC≡CH), in which the 
C-C alkyne bond is oriented parallel with the W-CO axis of the carbonyl ligand.24 Oxidation 
from a d4 to a d2 metal center causes rotation of the single-faced π-donor alkyne ligand by 
90°, as has been noted in similar carbonyl to oxo transformations.39-46 The W(1)-C(2) and 
W(1)-C(3) metal-alkyne bonds have lengthened to 2.0973(14) and 2.0939(14) Å from 
2.036(5) and 2.037(5) in the precursor, indicating decreased bonding to the alkyne ligand. 
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The C(2)-C(3) bond lengthens only slightly to 1.3075(19) from 1.301(8) Å, showing 
virtually no loss of triple bond character. Given that the alkyne provides both σ and π 
forward donation to the metal and accepts metal dπ electron donation into π∥*, a decrease in 
π donation from the alkyne seems most likely to cause the lengthening of the M-C bonds. 
The metal oxygen bond distance is 1.7145(12) Å, typical for monooxo tungsten 
complexes.16,60 
 
Figure 3.5. ORTEP diagram of W(O)(acac)2(η2-PhC≡CPh), 2-PhC≡CPh. Hydrogen atoms 
are omitted for clarity. 
η2-Binding of Nitrile Ligand in W(O)(acac)2(η2-PhC≡N). Successful oxidation of 
tungsten carbonyl alkyne complexes with the W(acac)2(η2-RC≡CR) moiety intact led us to 
explore oxidation reactions of other W(CO)(acac)2 derivatives. Treatment of the neutral 
nitrile-carbonyl complex W(CO)(acac)2(η2-PhC≡N) with MCPBA results in the formation of 
W(O)(acac)2(η2-PhC≡N) (2-PhC≡N), providing another example of a η2-nitrile ligand (eq 
4).61,62 This oxygen transfer contrasts an earlier example in which W(II) Tp′WI(η2-
NCMe)(CO) reacts with the oxygen atom transfer reagent pyridine N-oxide to form the 
acetylimido complex Tp′WI(NC(O)Me)(CO).63 The 1H NMR spectrum of 2-PhC≡N shows 
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two isomers in a 1.7:1 ratio. The 13C NMR spectrum shows an upfield shift of the nitrile 
carbon resonance from 211 ppm to 201 ppm in comparing the W(II) reagent and the W(IV) 
product. Only small differences were noted relative to the starting material and the product in 
both the 1H and the 13C NMR spectra. 
 
The triple bond of the nitrile ligand in 2-PhC≡N tracks the alkyne triple bond in the 
solid state structure of 2-PhC≡CPh and is arranged cis to the newly formed oxo-ligand as 
the C-N bond is perpendicular to the W-oxo linkage (Figure 3.6). The W(1)-C(3) and W(1)-
N(2) bonds have lengthened to 2.067(8) and 2.103(6) Å respectively, from 2.039(4) and 
2.018(5) in the analogous precursor complex W(CO)(acac)2(η2-2,6-Cl2H3C6C≡N), mirroring 
the decrease in π donation from the alkyne demonstrated in 2-PhC≡CPh. The C(3)-N(2) 





Figure 3.6. ORTEP diagram of W(O)(acac)2(η2-PhC≡N), 2-PhC≡N. Hydrogen atoms are 
omitted for clarity. 
Synthesis of W(IV) Oxo Imine, Aldehyde, and Ketone Complexes. Oxidation of 
W(CO)(acac)2(η2-PhHC=NPh) to W(O)(acac)2(η2-PhHC=NPh), 2-PhHC=NPh, with 
MCPBA produces four isomers as reflected in a 13:4:2:1 distribution in the 1H NMR 
spectrum (eq 5). The two diastereomers present in the imine-carbonyl precursor can rotate 
clockwise or counterclockwise 90° into the xy-plane of the resultant oxo complex, producing 
four possible combinations. The imine proton resonates at 4.49 (major), 4.31, 4.14, and 3.82 
ppm in these four isomers. These values are shifted well upfield from chemical shifts of 6.15 
and 5.71 ppm in the parent CO complex. In the 13C NMR spectrum, the imine carbon 
resonances are located at 80.9, 80.5, 77.7 (major) and 76.6 ppm. These values are shifted 





















X = O, NPh  
A solid state structure was obtained of 2-PhHC=NPh (Figure 3.7). The W(1)-N(2) 
distance is 1.980(3) Å, elongated from 1.934(6) Å in the imine-carbonyl precursor and 
consistent with loss of double bond character of the W-N bond. The W(1)-C(3) bond tightens 
significantly to 2.166(4) Å from 2.237(7) Å in the precursor. The carbon-nitrogen bond 
distance is only slightly shortened to 1.387(5) Å from 1.395(8) Å in the imine-carbonyl 
complex. The shorter W-C bond indicates increased dsp2 character of the carbon atom as 
noted in the 13C NMR spectrum. 
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 Figure 3.7. ORTEP diagram of W(O)(acac)2(η2-PhHC=NPh), 2-PhHC=NPh. Hydrogen 
atoms are omitted for clarity. 
Addition of MCPBA to W(CO)(acac)2(η2-PhHC=O) produces W(O)(acac)2(η2-
PhHC=O) (2-PhHC=O) with four isomers detected in a 9:6:4:1 ratio by 1H NMR 
spectroscopy (eq 5). The aldehyde protons are located in the 4.7-5.7 ppm range, well upfield 
of the range of 6.9-8.2 ppm found for the W(II) precursor complex. The aldehyde carbon is 
found at 104-108 ppm in the 13C NMR spectrum, compared to 86 and 89 ppm in the 
precursor. These spectral results mirror those seen for the 2-PhHC=NPh and suggest 
increased dsp2 character of the carbon atom of the aldehyde ligand in the oxidized complex. 
Oxidation of the carbonyl-acetone complex W(CO)(acac)2(η2-Me2C=O) produces 
W(O)(acac)2(η2-Me2C=O) in only two isomers in a 1.1:1 ratio due to the symmetry of the 
ketone (eq 5). The carbon ketone resonance is found at 115 and 116 ppm compared to 97 
ppm in the precursor in the 13C NMR spectrum. 
Synthesis of [W(O)(acac)2(η2-PhC≡NMe)]+. Oxidation was also attempted with 
cationic W(II) complexes. Addition of MCPBA to the iminoacyl complex [W(CO)(acac)2(η2-
PhC≡NMe)][BAr′4] leads to formation of two W(IV) isomers of [W(O)(acac)2(η2-
PhC≡NMe)][BAr′4] ([2-PhC≡NMe][BAr′4]) in a 1.3:1 ratio (eq 6). The 1H NMR spectrum 
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for [2-PhC≡NMe][BAr′4] indicates similar chemical shifts to those seen in the precursor 
W(II) molecule. In the 13C NMR spectrum, the coordinated iminoacyl carbon has shifted 
upfield as a result of oxidation, from 221 ppm to 202 or 207 ppm.  
 
Reduction of [W(O)(acac)2(η2-PhC≡NMe)]+. Successful isolation of a cationic 
iminoacyl-oxo complex allowed us to further investigate addition to nitrile-derived ligands. 
Reduction of a π-bound nitrile ligand in 1-PhC≡N to a π-bound iminium ligand, a stepwise 
process, passes through an iminoacyl ligand and then an imine.10,11 This sequential reduction 
shows little diastereoselectivity in the formation of either the imine or the iminium ligand. 
Reduction of an iminoacyl to an imine was accomplished with carbon monoxide, isonitrile, 
or alkyne as a cis ligand in the coordination sphere.  
Addition of methyl triflate (MeOTf) to a solution of 2-PhC≡N produces 
[W(O)(acac)2(η2-PhC≡NMe)[[OTf] (eq 7). This result is similar to the methylation of 
W(CO)(acac)2(η2-PhC≡N).10 Clean product is formed in a 1:1.1 ratio, with respect to the 
isomers seen for [2-PhC≡NMe][BAr′4]. In contrast to the complex with the BAr′4 
counterion, [2-PhC≡NMe][OTf] is not sufficiently robust to withstand chromatography on 
silica.  
 
Addition of Na[HB(OMe)3] to [2-PhC≡NMe][OTf] produced in situ from 
methylation of 2-PhC≡N leads to formation of W(O)(acac)2(η2-PhHC=NMe) (2-
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PhHC=NMe) (eq 7). The synthesis provides diastereoselective formation of the imine 
complex in an 11:1 ratio of the two major isomers as determined by 1H NMR spectroscopy 
(Figure 3.8). Previous syntheses of the carbonyl analog, W(CO)(acac)2(η2-PhHC=NMe) (1-
PhHC=NMe), produced two diastereomers in a 2:1 ratio.10 The diastereomeric selectivity 
leading to 2-PhHC=NMe is surprising given the presence of two isomers of the cationic 
iminoacyl reagent coupled with the low level of diastereoselectivity seen for formation of 1-
PhHC=NMe. Oxidation of 1-PhHC=NMe with MCPBA also produces 2-PhHC=NMe. 
Again, significant diastereoselectivity is seen in a ratio of 10:1 for the two major isomers. 
1.52.02.53.03.54.04.55.05.56.06.57.0
f1 (ppm)  
Figure 3.8. 1H NMR spectrum (500 MHz, CD2Cl2) of W(O)(acac)2(η2-PhHC=NMe) (2-
PhHC=NMe). 
The imine proton of 2-PhHC=NMe is found at 3.83 ppm, well upfield of the precursor signal 
in the 1H NMR spectrum at 5.56 ppm. Additionally, one of the acac methine protons is found 
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shifted upfield to 4.76 ppm, compared to 5.72 and 5.48 ppm in 1-PhHC=NMe. The methyl 
bound to nitrogen is shifted downfield to 4.30 ppm upon metal oxidation from 3.71 ppm in 
the W(II) reagent. The imine carbon is found at 85.1 ppm in the 13C NMR spectrum, 
compared to 60.8 ppm in the parent W(II) complex.  
Crystals suitable for X-ray analysis were grown by slow evaporation of a hexanes 
solution under an inert atmosphere to provide the solid state structure of neutral 2-
PhHC=NMe (Figure 3.9). The geometric results of oxidation from 1-PhHC=NMe are 
similar to those observed for oxidation of 1-PhHC=NPh. The W(1)-N(3) bond length is 
2.001(2) Å, an increase from 1.905(2) in the analogous 1-PhMeC=NMe complex and close 
to the value of 1.980(3) Å for 2-PhHC=NPh. The W(1)-C(4) bond distance is 2.1771(19), 
decreased from 2.274(2) in 1-PhMeC=NMe and again similar to 2-PhHC=NPh with a value 
of 2.166(4) Å. The C(4)-N(3) bond length exhibits virtually no change at 1.384(2) Å from 
1.383(2) Å in the similar precursor. These changes in bond lengths are consistent with the 
previous examples of metal oxidation with a heteroatomic single-face π-acid in the 
coordination sphere. The heteroatom-metal bond length increases while the carbon-metal 
bond length decreases. These bond lengths changes reflect the difference in orbital 




Figure 3.9. ORTEP picture of W(O)(acac)2(η2-PhHC=NMe) (2-PhHC=NMe), shown with 
50% probability thermal ellipsoids. Non-essential hydrogen atoms are omitted for clarity.  
The solid state structure of 2-PhHC=NMe provides some insight into the high 
diastereomeric ratio observed by NMR spectroscopy. Perhaps surprisingly, the carbon of the 
methyl group on the three-coordinate nitrogen is rotated approximately 40° out of the W-N-C 
plane (Figure 3.9). In the analogous precursor W(II) complex, 1-PhMeC=NMe, the carbon 
on nitrogen is almost coplanar with the W-N-C triangle. This comparison invites steric or 
electronic arguments for the deviation from planarity observed for 2-PhHC=NMe. With the 
imine group now perpendicular to the W-O axis, the methyl group on the nitrogen would 
sterically conflict with the adjacent acac group if it were in the W-N-C plane. Additionally, 
in 1-PhMeC=NMe, the sp2-hybridized nitrogen provides effective lone pair donation from a 
nitrogen p orbital to the metal center totaling donation of four electrons from the neutral 
imine ligand. However, the imine ligand in 2-PhHC=NMe is liberated from this stringent 
electronic requirement by the addition of the oxo ligand, which can also provide lone pair 
donation to complete the valence shell of tungsten. Thus it seems logical that the methyl 
group on nitrogen is rotated out of the W-N-C plane and oriented trans to the imine-phenyl 
group to minimize unfavorable steric interactions. The added H- nucleophile would 
presumably prefer to add at the less sterically hindered face of the iminoacyl ligand, thus 
adding from the oxo face in order to avoid approaching over the acetylacetonate ligand. 
Finally, there appears to be a π-interaction between the imine phenyl ring and the adjacent 
acac ligand, surely providing stabilization for the diastereomer observed in the solid state 
structure. This π-interaction places the arene π-cloud near the acac central carbon, and is 




Similar arguments presumably apply to the orientation of the imine ligand in 2-
PhHC=NPh. However, this complex shows a lower diastereomeric preference. The two 
rotamers with the phenyl groups on the imine oriented trans to each other would presumably 
be the most favored sterically. The most abundant isomer is likely the one observed in the 
solid state structure with the phenyl groups trans to each other and the phenyl group on 
carbon participating in a π-interaction with the adjacent acetylacetonate ligand. The two 
other isomers are populated in much lower ratios. 
Orbital Interactions in W(II) and W(IV) Octahedral Complexes. Oxidation of the 
W(CO)(acac)2(η2-RC≡CR) system to replace carbon monoxide with an oxo ligand illustrates 
the interplay of d electron configuration with ligand orientation.16,39-47 The W(O)(acac)2 
fragment is unambiguously a W(IV) d2 fragment. The extent of π-donation from O2- is 
variable and complicates simple electron counting. Adding an alkyne ligand provides 
additional electrons, also variable but surely in accord with a full valence shell. Sitting on the 
z-axis, the π-basic oxo ligand, counted as O2-, donates into the vacant dxz and dyz orbitals, 
raising the energies of those orbitals as they dominate the antibonding molecular orbitals 
(Figure 3.10). The two dπ electrons on the tungsten (IV) center are left to occupy the dxy 
orbital. Coordination of the alkyne ligand along the x-axis stabilizes the two electrons in the 
dxy orbital via backbonding to the alkyne π*∥. Donation from π on the alkyne ligand further 
raises the energy of the dxz orbital as it becomes the most antibonding of a 3 center-4 electron 
π-bonding scheme. Figure 3.10 shows how these bonding interactions are optimized for d2 
tungsten complexes when the alkyne ligand is oriented perpendicular to the metal-oxo axis.45 
In contrast, if the alkyne ligand is aligned parallel to the metal-oxo axis, it will act as a π-
acceptor for the dxz orbital and a π-donor for the dxy orbital, resulting in π-conflicts for both 
of these dπ orbitals. 
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 Figure 3.10. Molecular orbital diagrams for alkyne orientation.45  
Summary 
Addition of N2CR2 to W(CO)3(acac)2 produces W(CO)(acac)2(N2CR2) with the 
diazoalkane ligand acting as a six-electron donor bound through the terminal nitrogen. 
Addition of a nucleophile (H-) followed by an electrophile (H+) to 
W(CO)(acac)2(N2CHTMS) results in addition across the C=N bond to form the tungsten(IV) 
complex W(CO)(acac)2(N=NHCH2TMS). Addition of MCPBA to W(CO)(acac)2(η2-PhC≡N) 
produces the oxygen-atom transfer tungsten(IV) product W(O)(acac)2(η2-PhC≡N). 
W(O)(acac)2(η2-PhC≡N) reacts with MeOTf to produce the iminoacyl complex 
[W(O)(acac)2(η2-PhC≡NMe)][OTf], a rare example of methylation of a π-bound nitrile 
ligand.10,47,64,65 Addition of a nucleophilic hydride results in addition to the iminoacyl carbon 
to produce W(O)(acac)2(η2-PhHC≡NMe) with a diastereomeric ratio of 11:1. 
Experimental 
General Information. All air- and moisture-sensitive materials were handled using 
Schlenk or glovebox techniques under a dry nitrogen or argon atmosphere, respectively. All 
glassware was oven-dried before use. Methylene chloride, diethyl ether, and hexanes were 
purified by passage through an activated alumina column under a dry argon atmosphere.66 
THF was distilled from a sodium ketal suspension. Methylene chloride-d2 was dried over 
CaH2 and degassed. W(CO)3(acac)2,24 W(CO)(L)(acac)2,23,24 
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[W(CO)(PhC≡NMe)(acac)2][BAr′4],10 NaBAr′4,67 and diphenyldiazomethane68 were made in 
accordance with literature procedures. All other reagents were purchased from commercial 
sources and used without further purification.  
 NMR spectra were recorded on Bruker DRX 500, DRX400, AMX400, or AMX300 
spectrometers. Infrared spectra were recorded on an ASI Applied Systems React IR 1000 FT-
IR spectrometer. Elemental analysis was performed by Robertson Microlit, Madison, NJ.  
W(CO)(acac)2(N2CHSiMe3) (1-N2CHSiMe3). In a representative synthesis, 
W(CO)3(acac)2 (0.808 g, 1.73 mmol) was dissolved in CH2Cl2. A solution of 
(trimethylsilyl)diazomethane (2.0 M in hexanes, 0.87 mL, 1.74 mmol) was added and the 
solution was stirred for 1.5 h. As the reaction progressed, a color change from light brown to 
green was noted, as well as a shift to a single IR absorbance at 1915 cm-1. Trituration with 
hexanes led to isolation of a green powder. Yield: 0.730 g, 1.39 mmol, 80%. 
Chromatography on silica with CH2Cl2 produced pure material for analysis. IR (CH2Cl2): νCO 
= 1915 cm-1. 1H NMR (CD2Cl2, 298 K, δ): 8.00 (s, 1H, N2CHTMS), 5.81, 5.63 (s, 1H, acac 
CH), 2.62, 2.21, 2.18, 2.00 (s, 3H, acac CH3), 0.21 (s, 9H, Si(CH3)3). 13C{1H} NMR 
(CD2Cl2, 298 K, δ): 267.45 (CO), 192.2, 190.5, 190.3, 187.9 (acac CO), 168.1 (N2CHTMS), 
102.3, 101.0 (acac CH), 27.5, 27.3, 26.9, 25.9 (acac CH3), -2.8 (Si(CH3)3). Anal. Calcd. for 
C15H24N2O5SiW (524.29): C, 34.36; H, 4.61; N, 5.34. Found: C, 34.61; H, 4.88; N, 4.22. 
W(CO)(acac)2(N2CPh2) (1-N2CPh2). Yield: 0.148 g, 0.245 mmol, 76%. 
Chromatography on silica with CH2Cl2 produced pure material for analysis. The product was 
dissolved in a small amount of methylene chloride and stored at -35 °C to produce a green-
brown crystals after four weeks. IR (CH2Cl2): νCO = 1910 cm-1. 1H NMR (CD2Cl2, 298 K, δ): 
7.27-7.68 (10H, C6H5), 5.80, 5.53 (s, 1H, acac CH), 2.66, 2.22, 2.17, 1.90 (s, 3H, acac CH3). 
13C{1H} NMR (CD2Cl2, 298 K, δ): 268.7 (CO, 1JC-W = 209 Hz), 191.7, 190.3, 190.1, 187.7 
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(acac CO), 161.4 (N2CPh2, 3JC-W = 7.3 Hz), 128.0-141.5 (C6H5) 102.2, 100.8 (acac CH), 27.5, 
27.4, 27.0, 25.9 (acac CH3). Anal. Calcd. for C24H24N2O5W • CH2Cl2 (689.23): C, 43.57; H, 
3.80; N, 4.06. Found: C, 43.62; H, 4.01; N, 3.84%. 
W(CO)(acac)2(N2CHCO2CH2CH3) (1-N2CHCOOEt). 1H NMR (CD2Cl2, 298 K, 
δ): 7.63 (s, 1H, N2CHCH2CH3), 5.87, 5.67 (s, 1H, acac CH), 4.27 (q, 2H, N2CHCH2CH3), 
2.77, 2.25, 2.24, 2.02 (s, 3H, acac CH3), 1.34 (t, 3H, N2CHCO2CH2CH3).  
In situ generation of W(CO)(acac)2(NNHCH2SiMe3). 1-N2CHSiMe3 (0.025 g, 
0.048 mmol) was dissolved in THF and the solution was cooled to -78 °C. A cooled solution 
of NaHB(OMe)3 (0.008 g, 0.062 mmol) in THF was added to the green-brown solution of 1-
N2CHSiMe3 and stirred for 10 min. The solution was warmed to room temperature and a 
color change to orange-brown was noted. THF was removed in vacuo and CH2Cl2 was 
added. The solution was cooled to -78 °C and H[BF4] (0.014 mL, 0.051 mmol) was added 
and a color change to green was observed. The product was unstable for isolation. 1H NMR 
(CD2Cl2, 298 K, δ): 9.21 (br t, 1H, NNHCH2TMS), 6.00 (s, 1H, acac CH), 3.45 (br m, 2H, 
NNHCH2TMS), 2.62, 2.34, 2.30, 2.28 (s, 3H, acac CH3), 0.10 (s, 9H, Si(CH3)3). 
W(O)(acac)2(η2-PhC≡CH) (2-PhC≡CH). In a representative synthesis, a Schlenk 
flask was charged with W(CO)(acac)2(η2-PhC≡CH) (1-PhC≡CH) (0.150 g, 0.293 mmol) and 
20 mL of CH2Cl2. The amber-colored solution was cooled to 0 °C and 1 equiv of MCPBA 
(0.066 g, 0.294 mmol) was added under a backflow of N2. The solution color changed to 
yellow and in situ IR spectroscopy indicated loss of the lone carbonyl absorbance. The 
product was chromatographed on NEt3-treated silica with CH2Cl2 to elute an orange/yellow 
band. Yield: 0.093 g, 0.186 mmol, 63%. Ratio of isomers: 1.1:1. 1H NMR (CD2Cl2, 298 K, δ, 
major isomer): 11.10 (s, 1H, PhC≡CH, 2JW-H = 14 Hz), 7.65 (d, 2H, o-C6H5), 7.46 (t, 2H, m-
C6H5), 7.36 (t, 1H, p-C6H5), 5.85, 5.32 (s, 1H, acac CH), 2.35, 2.19, 2.14, 1.70 (s, 3H, acac 
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CH3). 13C{1H} NMR (CD2Cl2, 298 K, δ, major isomer): 192.0, 190.2, 189.4, 188.3 (acac 
CO), 175.1 (PhC≡CH, 1JW-C = 29 Hz), 160.4 (PhC≡CH, 1JW-C = 38 Hz), 137.4 (ipso-C6H5, 
2JW-C = 7.2 Hz) 131.7 (o-C6H5), 129.0 (p-C6H5), 128.6 (m-C6H5), 103.9, 102.5 (acac CH), 
27.6, 27.4, 26.5 (acac CH3, 2:1:1). Anal. Calcd. for C18H20O5W (500.19): C, 43.22; H, 4.03. 
Found: C, 42.97; H, 3.78%. 
W(O)(acac)2(η2-PhC≡CPh) (2-PhC≡CPh). 2-PhC≡CPh was prepared in the same 
manner as 2-PhC≡CH. Yield: 0.076 g, 0.132 mmol, 61%. The product was dissolved in 
CH2Cl2 and layered with hexanes to produce yellow crystals suitable for X-ray analysis. 1H 
NMR (CD2Cl2, 298 K, δ): 7.28-8.10 (m, 10H, C6H5), 5.85, 5.34 (s, 1H, acac CH), 2.25, 2.16, 
2.14, 1.74 (s, 3H, acac CH3). 13C{1H} NMR (CD2Cl2, 298 K, δ): 192.2, 190.1, 189.3, 187.9 
(acac CO), 172.4, 166.9 (PhC≡CPh), 138.5, 138.0 (ipso-C6H5), 131.1, 130.9 (p-C6H5), 128.5, 
128.5, 128.4 (o, m-C6H5), 103.9, 102.9 (acac CH), 27.6, 27.5, 27.1, 26.6 (acac CH3). Anal. 
Calcd. for C24H24O5W (576.28): C, 50.02; H, 4.20. Found: C, 49.79; H, 4.11%. 
W(O)(acac)2(η2-PhC≡N) (2-PhC≡N). 2-PhC≡N was prepared in the same manner 
as above. Yield: 0.104 g, 0.208 mmol, 71%. Ratio of isomers: 1.7:1. 1H NMR (CD2Cl2, 298 
K, δ, major isomer): 7.46-8.25 (5H, C6H5), 5.92, 5.73 (s, 1H, acac CH), 2.47, 2.38, 2.19, 1.70 
(s, 3H, acac CH3). 13C{1H} NMR (CD2Cl2, 298 K, δ, major isomer): 200.5 (C≡N), 191.7, 
190.6, 190.2, 189.4 (acac CO), 129.3-137.2 (C6H5), 104.5, 104.1 (acac CH), 27.6, 27.4, 26.9, 
26.5 (acac CH3). Anal. Calcd. for C17H19NO5W (501.18): C, 40.74; H, 3.82; N, 2.79. Found: 
C, 40.36; H, 3.76; N, 2.71%. 
W(O)(acac)2(η2-PhHC=NPh) (2-PhHC=NPh). 2-PhHC=NPh was prepared in the 
same manner as above. Yield: 0.072 g, 0.124 mmol, 76%. Ratio of isomers: 13:4:2:1. Slow 
evaporation of a solution of 2-PhHC=NPh in CH2Cl2/hexanes produced orange needles 
suitable for X-ray diffraction. 1H NMR (CD2Cl2, 298 K, δ, major isomer): 6.8-8.1 (C6H5) 
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5.85, 4.87 (s, 1H, acac CH), 4.49 (s, 1H, N=CHPh), 2.40, 2.16, 2.13, 1.49 (s, 3H, acac CH3). 
13C{1H} NMR (CD2Cl2, 298 K, δ, major isomer): 193.8, 190.1, 189.3, 187.7 (acac CO), 
121.4-156.7 (C6H5), 104.5, 101.1 (acac CH), 77.7 (C=N), 30.0, 28.3, 27.4, 26.8 (acac CH3). 
Anal. Calcd. for C23H25O5NW (579.29): C, 47.69; H, 4.35; N, 2.41. Found: C, 47.84; H, 
4.54; N, 2.30%. 
W(O)(acac)2(η2-PhHC=O) (2-PhHC=O). 2-PhHC=O was prepared in the same 
manner as above. Yield: 0.098 g, 0.194 mmol, 84%. Ratio of isomers: 9:6:4:1. 1H NMR 
(CD2Cl2, 298 K, δ, major isomer): 6.8-8.1 (C6H5), 5.87, 4.92 (s, 1H, acac CH), 5.72 (s, 1H, 
O=CH, 2JW-H = 7 Hz), 2.39, 2.20, 2.12, 1.44 (s, 3H, acac CH3). 13C{1H} NMR (CD2Cl2, 298 
K, δ, major isomer): 193.2, 190.0, 189.8, 189.3 (acac CO), 125.0-143.3 (C6H5), 104.6, 101.6 
(acac CH), 104.1 (C=O, 1JW-C = 22 Hz), 28.1, 27.4, 27.3, 25.8 (acac CH3). Anal. Calcd. for 
C17H20O6W (504.18): C, 40.50; H, 4.00. Found: C, 40.78; H, 3.94%. 
W(O)(acac)2(η2-Me2C=O) (2-Me2C=O). 2-Me2C=O was prepared in the same 
manner as above. Yield: 0.054 g, 0.118 mmol, 74%. Ratio of isomers: 1:1. 1H NMR (CD2Cl2, 
298 K, δ, both isomers): 5.87, 5.78, 5.68, 5.62 (s, 1H, acac CH), 2.99, 2.98, 2.30, 2.03 (s, 3H, 
(CH3)2C=O) 2.41, 2.36, 2.33, 2.32, 2.13, 2.11, 1.79, 1.78 (s, 3H, acac CH3). 13C{1H} NMR 
(CD2Cl2, 298 K, δ, both isomers): 192.9, 191.8, 191.3, 191.1, 190.9, 189.7, 189.6, 188.9 
(acac CO), 115.6, 115.2 (C=O), 104.1, 103.9, 103.4, 102.6 (acac CH), 32.1, 31.1, 26.6 
(O=C(CH3)2), 28.0, 27.6, 27.5, 27.4, 27.4, 27.1, 26.8, 26.6, 26.0 (acac CH3 and O=C(CH3)2). 
Anal. Calcd. for C13H20O6W (456.13): C, 34.23; H, 4.42. Found: C, 34.50; H, 4.50%. 
[W(O)(acac)2(η2-PhC≡NMe)][OTf] ([2-PhC≡NMe][OTf]). In an NMR tube 2-
PhC≡N, CD2Cl2, and MeOTf were combined. The solution turned green in color. 1H NMR 
spectroscopy shows complete conversion to product. Ratio of isomers: 1.1:1. 1H NMR 
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(CD2Cl2, 298 K, δ, major isomer): 7.83-8.40 (C6H5), 6.20, 5.99 (s, 1H, acac CH), 4.27 (s, 3H, 
N-CH3), 2.55, 2.52, 2.30, 1.90 (s, 3H, acac CH3).  
[W(O)(acac)2(η2-PhC≡NMe)][BAr′4] ([2-PhC≡NMe][BAr′4]). To a solution of 1-
PhC≡N (0.100 g, 0.195 mmol) in CH2Cl2 was added methyl triflate (0.033 mL, 0.292 mmol). 
The solution was stirred for 2 h until a single IR absorbance was noted at 1985 cm-1. NaBAr′4 
was added under a backflow of nitrogen to generate 1-PhC≡NMe[BAr′4] in situ after 2 h of 
stirring. The solution was cannula-filtered to another Schlenk flask and cooled to 0 °C. 
MCPBA (0.045 g, 0.200 mmol) was added under a backflow of N2. The brown product was 
chromatographed on NEt3-treated silica to elute a red-brown fraction with CH2Cl2. Yield: 
0.188 g, 0.136 mmol, 70%. Ratio of isomers 1.3:1. 1H NMR (CD2Cl2, 298 K, δ, major 
isomer): 8.14 (d, 2H, o-C6H5), 7.87 (t, 2H, m-C6H5), 7.82 (obscured by BAr′4, 1H, p-C6H5), 
6.22, 5.65 (s, 1H, acac CH), 4.33 (s, 3H, N-CH3), 2.51, 2.44, 2.39, 1.73 (s, 3H, acac CH3). 
13C{1H} NMR (CD2Cl2, 298 K, δ, major isomer): 206.6 (C≡N), 195.8, 194.1, 191.6, 191.3 
(acac CO), 138.1 (ipso-C6H5), 134.0, 130.9 (o/m-C6H5), 125.6 (p-C6H5), 107.6, 105.8 (acac 
CH), 35.5 (N-CH3), 27.4, 27.1, 26.8, 26.3 (acac CH3).  
W(O)(acac)2(η2-PhHC≡NMe) (2-PhHC=NMe). Method A. To a yellow solution of 
2-PhC≡N (0.075 g, 0.150 mmol) in CH2Cl2 was added MeOTf (0.020 mL, 0.177 mmol). The 
solution turned pale green after 5 min and was allowed to stir for 1 h. Solvent was removed 
and THF was added. The solution was cooled to -78 °C and a cooled solution of 
Na[HB(OMe)3] was cannula-transferred to the flask. The solution turned yellow in color and 
was warmed to room temperature and stirred for 10 min. The product was chromatographed 
on silica with CH2Cl2 to elute a yellow band. Yield: 0.034 g, 0.066 mmol, 44%. Ratio of 
isomers 11:1. Slow evaporation of a solution of 2-PhHC=NMe in hexanes under an inert 
atmosphere produces yellow crystals for X-ray analysis. Method B. A red solution of 1-
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PhHC=NMe in CH2Cl2 was cooled to 0 °C. MCPBA was added under a backflow of N2 to 
produce a yellow solution. The solution was warmed to room temperature and solvent was 
removed. The product was chromatographed on NEt3-treated silica with CH2Cl2 to elute a 
pale yellow band. Ratio of isomers 10:1. 1H NMR (CD2Cl2, 298 K, δ, major isomer): 7.16 (t, 
2H, m-C6H5), 6.88 (d, 2H, o-C6H5), 6.82 (t, 1H, p-C6H5), 5.81, 4.76 (s, 1H, acac CH), 4.30 (s, 
3H, N-CH3), 3.83 (s, 1H, PhHC=N), 2.36, 2.09, 1.45 (s, 3:6:3H, acac CH3). 13C{1H} NMR 
(CD2Cl2, 298 K, δ, major isomer): 193.4, 190.0, 189.3, 188.5 (acac CO), 144.1, 126.8, 126.3, 
126.2 (C6H5), 103.9, 100.4 (acac CH), 85.1 (C=N, 1JW-C = 17 Hz), 49.2 (N-CH3), 28.2, 27.4, 
27.3, 25.8 (acac CH3).  
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Table 3.1. Crystal data and refinement parameters for W(CO)(acac)2(N2CPh2) (1-N2CPh2), 
W(O)(acac)2(η2-PhC≡CPh) (2-PhC≡CPh), W(O)(acac)2(η2-PhC≡CPN) (2-PhC≡N), 
W(O)(acac)2(η2-PhHC≡NPh) (2-PhHC=NPh), and W(O)(acac)2(η2-PhHC≡NMe) (2-
PhHC=NMe). 
Complex 1-N2CPh2 • CH2Cl2 2-PhC≡CPh 2-PhC≡N 2-PhHC=NPh 2-PhHC=NMe 
empirical formula C25H26Cl2N2O5W C24H24O5W C17H19NO5W C23H25NO5W C18H23NO5W 
fw 689.23 576.28 501.18 579.29 517.22 
color brown yellow yellow yellow/orange yellow 
T (K) 100(2) K 100(2) 100(2) 100(2) 100(2) 
λ (Ǻ) 1.54178 0.71703 1.54178 0.71703 0.71073 
cryst syst Triclinic Monoclinic Monoclinic Monoclinic Triclinic 
space group P-1 P21/n P21/c P21/n P-1 
a (Å) 9.9950(5) 8.3894(8) 8.1887(3) 7.5122(1) 7.6148(2) 
b (Å) 10.7278(5) 9.2655(9) 13.2225(5) 18.2898(4) 7.8191(2) 
c (Å) 13.1644(6) 27.126(3) 16.1876(6) 15.6915(3) 16.5655(4) 
α (deg) 96.237(3) 90 90 90 96.104(1) 
β (deg) 92.891(3) 92.963(4) 95.298(2) 97.388(1) 92.709(1) 
γ (deg) 109.044(3) 90 90 90 100.728(1) 
Vol. (Å3) 1320.84(11) 2105.7(4) 1745.23(11) 2138.06(7) 961.32(4) 
Z 2 4 4 4 2 
ρCalcd. (mg/m3) 1.733 2.818 1.907 1.800 1.787 μ, mm-1 10.283 5.519 12.499 5.437 6.034 
F(000) 676 1128 1968 1136 504 
Crystal size (mm3) 0.25 x 0.25 x 0.20 
0.15 x 0.10 x 
0.10 
0.15 x 0.15 x 
0.05 
0.15 x 0.12 x 
0.05 
0.27 x 0.24 x 
0.08 

















Reflections Collected 9752 84272 7146 16951 23996 
Independent 
reflections 4549 17328 2987 5141 5900 
Data/restraints/ 
parameters 4549/0/320 17328/0/275 2987/0/221 5141/0/276 5900 / 0 / 231 
Goodness-of-fit on F2 1.104 1.166 1.079 1.042 1.037 
R1, wR2[I>2σ(I)] 0.0240, 0.0547 0.0266, 0.0628 0.0474, 0.1231 0.0279, 0.0516 0.0161, 0.0365 
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Synthesis and Reactivity Studies of a Tungsten(IV) Terminal Imido 
Complex Formed From W(CO)(acac)(X)(PMe3)3  
 
Introduction 
We have recently reported diverse reaction chemistry accessible to tungsten(II) 
bis(acetylacetonate) complexes.1-4 The W(CO)(acac)2 fragment serves as a docking site for 
ligands capable of providing four-electrons to the metal center. In addition to alkynes, nitriles 
bind through both π-bonds rather than through the nitrogen lone pair, and ketones bind 
through both a C=O π-bonding electron pair and an oxygen lone pair.1,2 As detailed in 
Chapter 2, addition of MeOTf to W(CO)(acac)2(2-PhC≡N) produces the cationic iminoacyl 
complex [W(CO)(acac)2(2-PhC≡NMe)][OTf].3 Reactivity of this iminoacyl complex has 
been examined. Addition of either tert-butyl isonitrile or 2,6-dimethylphenyl isonitrile leads 
to displacement of carbon monoxide in [W(CO)(acac)2(2-PhC≡NMe)][OTf] resulting in 
normal σ-binding through the terminal carbon atom of the isonitrile ligand.4 The nucleophiles 
Na[HB(OMe)3] or PMe3 add H- or PMe3, respectively, to the carbon atom of the iminoacyl.  
The reduction of a nitrile ligand to an imine ligand in the complex W(CO)(acac)2(2-
PhC≡N) is not highly stereoselective. However, as noted in Chapter 2, displacement of the 
carbon monoxide ligand of [W(CO)(acac)2(2-PhC≡NMe)][OTf] by isonitrile before 
nucleophilic addition leads to greater stereoselectivity upon addition of H- to form the imine 
complex. Given successful displacement of carbon monoxide with isonitrile or phosphine in 
the cationic iminoacyl complexes, the addition of such ligands to the neutral 
W(CO)(acac)2(2-RC≡N) complex was explored in search of a reagent that might favor more 
stereoselective reduction of nitriles. 
Results and Discussion 
Displacement of Nitrile by Isonitrile. Dr. Andrew Jackson has shown that addition 
of two equivalents tert-butyl isonitrile to W(CO)(acac)2(2-PhC≡N) (1-PhC≡N) results in 
displacement of the η2-bound nitrile to form W(CO)(acac)2(tBuN≡C)2 (2) (eq 1).5 A color 
change from orange-brown to orange-red is noted within two minutes of isonitrile addition. 
In situ IR spectroscopy shows a decrease in frequency for the lone CO ligand from 1895 cm-1 
to 1808 cm-1 after 10 min. The decrease in IR frequency is indicative of increased electron 
density at the metal center. The 1H NMR spectrum displays only three peaks at room 
temperature: one for the two acac methine signals, one for the four acac methyl groups, and 
one for the two tBu groups. The deceptive simplicity of the spectrum at room temperature 
suggests fluxionality. No aromatic PhC≡N protons are detected by NMR spectroscopy. A 
solid state structure of 2 confirms displacement of the η2-nitrile ligand and coordination of 
two equivalents of the isonitrile to form the seven-coordinate complex 2. We see no 
indication of π-bound isonitrile at any point. 
 
Displacement of Nitrile by Phosphine. Prompted by the results of η2-nitrile 
displacement by two isonitrile ligands, trimethylphosphine was added to a methylene 
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chloride solution of 1-PhC≡N causing an immediate color change from dark red to orange. 
An IR spectrum after 10 min shows loss of the starting material CO absorbance at 1895 cm-1. 
After stirring overnight an absorbance is present at 1748 cm-1, low for a terminal metal 
carbonyl, but in the range for a CO ligand bound to an electron rich metal center.6,7 A 1H 
NMR spectrum shows the presence of only one acac ligand with both acac methyl groups 
equivalent (Figure 4.1). Phosphine methyl 1H NMR signals appear as a doublet and as a 
pseudo-doublet integrating in a 9:18 ratio and suggesting a W(acac)(PMe3)(PMe3)2 
stoichiometry. The 31P NMR spectrum displays a doublet and a triplet with tungsten satellites 
of 269 Hz and 315 Hz, respectively. These patterns also indicate a trisphosphine product with 
two NMR equivalent PMe3 ligands.6-8 The 13C NMR spectrum shows a carbon monoxide 
signal at 290 ppm split into a doublet of triplets. The trimethylphosphine 13C NMR methyl 
signals resonate as a doublet and a doublet of triplets in a 1:2 ratio. All of these NMR 
characteristics are diagnostic of a trisphosphine product with two equivalent phosphine 
groups, one acac ligand, and one carbonyl ligand.6,7 A solid state structure surprisingly 
reveals formation of W(CO)(acac)(Cl)(PMe3)3 (3-Cl) (eq 2). Three phosphine groups and a 
chloride ion displace the nitrile ligand and an acac chelate from 1-PhC≡N. The methylene 









The solid state structure of 3-Cl shows a tungsten complex with three phosphine 
groups oriented in a distorted meridional geometry around the seven-coordinate metal center 
(Figure 4.2). A mirror plane is orthogonal to and bisects the acac ligand as it passes through 
one of the trimethylphosphine ligands. The two remaining phosphine ligands are related by 
the mirror plane rendering them equivalent as observed by NMR spectroscopy. The tungsten 
phosphine bond lengths are quite similar, with an average length of 2.44 Å. The W1-C1 bond 
length is 1.913(2) Å, typical for a W-CO bond length.7 
 
Figure 4.2. ORTEP diagram of W(CO)(acac)(Cl)(PMe3)3 (3-Cl). Thermal ellipsoids are 
displayed with 50% probability. Hydrogen atoms are omitted for clarity. 
A more efficient synthesis of 3-Cl was desirable, so a variety of reaction conditions 
were screened. W(CO)(acac)2(2-Me2C=O) (1-Me2C=O) produces 3-Cl more cleanly than 
1-PhC≡N. The addition of NaCl to the reaction as a Cl- source in CH3CN produces 3-Cl 
overnight with good yields (eq 3). The product 3-Cl is extracted with hexanes and filtered 
through a medium-porosity glass frit to yield clean material. This synthetic method can be 
expanded to other sodium halide salts, NaBr and NaI (eq 3). Even KSCN produces a seven-
coordinate tungsten complex (3-SCN). All of these complexes exhibit characteristically low 
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frequency CO absorbances in the IR spectrum around 1760 cm-1. These frequencies are 
consistent with M(CO)(PR3)3 fragments in the literature.6,7 Electron-rich phosphine ligands 
push electron density to the metal center promoting stronger backbonding to CO resulting in 
the low CO frequency. For all of these derivatives, the NMR spectra are similar to data 
obtained for 3-Cl. 
 
As discussed in Chapter 1, a number of seven-coordinate dicarbonyl acetylacetonate 
tungsten(II) complexes with the formula W(acac)(PR3)2(X)(CO)2 (X = I-, Br-, Cl-) have been 
reported.9-11 These complexes possess IR absorbances in the range of 1800-1950 cm-1 for the 
two carbonyl ligands, much higher than the lone CO frequency observed for 3-X. The results 
in this chapter describe complexes with an acac ligand and three phosphine ligands bound to 
tungsten, along with one carbonyl and one halide, corresponding to simple CO replacement 
by PR3 relative to previous results. The preparative route differs dramatically from earlier 
synthetic methods. 
Addition of Sodium Azide. To explore the reactivity of the seven-coordinate 
tungsten complexes, W(CO)(acac)(I)(PMe3)3 (3-I) was stirred in CH2Cl2 leading to exchange 
of iodide ligand for chloride to form 3-Cl. Addition of NaN3 to a CH3CN solution of 3-I does 
not produce the expected exchange product W(CO)(acac)(N3)(PMe3)3 (3-N3). Rather 
oxidation of tungsten and loss of N2 is accompanied by proton addition to form a cationic 
imidotungsten(IV) product, [W(NH)(acac)(PMe3)3][I] (4-NH[I]) (eq 4). The proton on the 
 
87
added nitrogen presumably arises from adventitious water. Although a rare occurrence, 
sodium azide is known to produce imido products under aqueous conditions.12,13 The 1H 
NMR of 4-NH[I] spectrum displays one acac chelate with inequivalent methyl groups, as 
opposed to the equivalent methyl groups found in 3-I (Figure 4.3). The trimethylphosphine 
signals resonate as a doublet corresponding to one PMe3 (2JP-H = 9 Hz) and a virtual triplet 
(2JP-H = 4 Hz) corresponding to two PMe3 groups, consistent with a meridional geometry for 
the three phosphine ligands.8,14,15 A broad singlet at 8.84 ppm is assigned as the imido 
proton. The 31P NMR spectrum displays two singlets in a 2:1 ratio with tungsten satellites of 
310 and 410 Hz, respectively, as opposed to the doublet and triplet seen for the precursor 
complex. In other words, 2JPaPx is too small for resolution in the cationic imido complex, as 
has been noted in analogous carbyne species.16-18 The 13C NMR spectrum displays the 
trimethyl phosphine methyl carbon signals as a doublet and a triplet in a 1:2 intensity ratio. 
The presence of hydrogen on the multiply-bound nitrogen atom is confirmed by an intense 
and well-defined IR absorbance at 3161 cm-1, indicative of an NH moiety.  
 
The solid state structure of 4-NH[I] as revealed by a single crystal X-ray diffraction 
analysis shows the three phosphine ligands arranged in a meridional geometry (Figure 4.4). 
The imido hydrogen could not be located on the difference map. A mirror plane is present 
that contains the acac chelate, one trimethylphosphine ligand, and the imido group. The two 
remaining phosphine ligands are related by the mirror plane. The W1-N1 bond length is 








bond lengths differ somewhat in 4-NH[I]. The W1-P1 bond length is 2.5063(13) Å, close to 
the W1-P2 bond length of 2.5127(13) Å. The phosphine ligand trans to the acac chelate, P3, 
has a shorter W-P bond length of 2.4515(13) Å. The W1-O2 bond length, with oxygen trans 
to the imido ligand, is 2.107(3) Å while W1-O6 is 2.076(4) Å, demonstrating the trans 
influence of the imido ligand. 
 
Figure 4.4. ORTEP diagram of [W(NH)(acac)(PMe3)3][I], 4-NH[I]. Thermal ellipsoids are 
drawn with 50% probability. Iodide counterion and hydrogen atoms omitted for clarity. 
To investigate reactivity of the isolated imido complex, a more efficient synthetic 
method was needed for preparation of 4-NH. The use of photolysis to increase the rate of N2 
loss from coordinated azides is well documented,19-21 and indeed if 3-I is combined with 
NaN3 in CH3CN and photolyzed for 1 h, reasonably clean 4-NH[I] forms. A method starting 
from 1-Me2C=O rather than 3-I was desired. Stirring a mixture of 1-Me2C=O, NaN3, PMe3, 
and NaBF4 in CH3CN overnight produces 4-NH[BF4] and a small amount of 3-N3 on a 50 
mg scale (eq 5). The two products are easily separated with hexanes extraction to remove 3-
N3. However, a large-scale synthesis (700 mg) produces a mixture of 3-N3, 4-NH[BF4], and 
a third product as assessed by 1H and 31P NMR spectroscopy (eq 5). After 3-N3 is collected 
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with a hexanes wash, the remaining two hexanes-insoluble products are chromatographed on 
alumina with a solvent mixture of 5% CH3CN in CH2Cl2 to separate 4-NH[BF4] from the 
unknown product which elutes first as an orange fraction. Raising the concentration of 
CH3CN then elutes 4-NH[BF4] as a distinct red band.  
Identification of the complex in the orange fraction was attempted first with 
spectroscopic methods. In situ IR spectroscopy surprisingly indicates at least three CO 
absorbances at 1825, 1914, and 1951 cm-1. In the 1H NMR spectrum, two distinct acac 
methine signals are present, and the acac methyl signals resonate in a 3:6:3 ratio (Figure 4.5). 
Two phosphine 1H methyl signals are present, each integrating to two PMe3 groups. One 
signal is a “filled-in” triplet, indicating second-order coupling effects from phosphine. The 
second signal appears as a triplet. In the 13C NMR spectrum, two signals appear in the far 
downfield region, concurrent with carbon monoxide resonances. One signal resonates as a 
triplet at 246 ppm, appropriate for a carbon monoxide group coupled to two equivalent 
phosphine ligands, and the other signal at 257 ppm is weak and only a broad singlet can be 
resolved. The downfield acac CO resonances are displayed in a 2:1:1 ratio, as are the upfield 
acac methyl groups. The trimethylphosphine methyl groups appear as a doublet of triplets 
and a triplet in the 13C NMR spectrum. The 31P NMR spectrum shows two singlets with 1JW-P 
tungsten coupling of 325 Hz and 120 Hz. The coupling of 120 Hz is atypical of the 
previously observed trisphosphine complexes, but similar to complexes with a phosphines 
group trans to a multiply bound ligand such as carbyne.16-18 Integrating all of the NMR data 
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A solid state structure of 5 was obtained after anion metathesis of the unknown BF4 
salt with Na[BAr′4] produced the dinuclear species [W2N(acac)2(CO)3(PMe3)4][BAr′4], 
5[BAr′4] (Figure 4.6). The two tungsten metal centers are linked by a single bridging nitrido 
ligand. One tungsten center has an acac ligand, one CO ligand, and two trimethylphosphine 
ligands in the coordination sphere so that an octahedral geometry results when the N atom is 
included. The second tungsten atom is bound to one acac ligand, two CO ligands, and two 
trimethylphosphine groups to build a seven-coordinate environment for this W(II) metal. The 
W1-N19 bond length, from W(II) to N3-, is 2.114(3) Å while the W2-N19 bond length, from 
W(IV) to N3-, is 1.748(3) Å, indicating a single bond to W1 and a triple bond from the 
nitrogen to W2.23,24 The W-N-W angle is nearly linear at 173.46(17)°. The complex consists 
of mixed valencies with W2 as a W(IV) center and W1 as a W(II) center.  
 
Figure 4.6. ORTEP diagram (50% probability) of [W2N(acac)2(CO)3(PMe3)4][BAr′4], 
5[BAr′4]. BAr′4 counterion, CH2Cl2 solvent, and hydrogen atoms omitted for clarity. 
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An effective mirror plane exists containing the acac chelate on W(IV), both tungsten 
centers, the nitrogen atom, and the two phosphine groups of the W(II) center. The plane 
bisects the acac ligand on the W(II) center rendering the acac methyl and carbon monoxide 
groups equivalent. The two phosphines on W(II) differ dramatically since one is trans to the 
acac ligand and one is trans to the N3- bridge, although this difference is not observed on the 
NMR time scale suggesting interchange of the phosphine ligands. On the W(IV) center, the 
mirror plane contains the acac ligand, allowing different environments for these two acac 
methyl groups. The trimethylphosphine groups on the W(IV) center are also related to each 
other by the mirror plane. The strong trans influence of the nitrido ligand is seen in the 
dissimilar tungsten-oxygen bond lengths for the acac chelate, as in 4-NH[I]. The W2-O22 
bond length, with oxygen trans to nitride, is 2.186(3) Å while W2-O26 is 2.093(3) Å. 
The mechanism for conversion of 1-Me2C=O to 4-NH has not been elucidated. 
However, some of the reaction conditions that promote formation of 4-NH are known. First, 
trials with photolysis to produce 4-NH do not yield 3-N3 or dinuclear complex 5, even in 
large scale reactions. Second, both 3-N3 and 5 convert to 4-NH when dissolved in non-dried 
solvent and exposed to light, although the conversion is neither rapid nor complete. Third, 
rigorously dry reaction conditions do not produce 3-N3 and 5, but instead yield 
decomposition products and 4-NH from the low levels of water present. These limited results 
are consistent with binding of trimethylphosphine and [N3]- to 1-Me2C=O with loss of 
acetone and acac, followed by release of CO from the coordination sphere and loss of N2 
from N3- to form an unstable nitrido intermediate. Carbon monoxide loss and dinitrogen 
release are accelerated by photolysis. The nucleophilic nitrido species may react with other 
unsaturated tungsten compounds to generate transient dimers, but reaction with adventitious 
water forms the final W≡NH product 4-NH. Bridging nitrido species are known to form from 
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N2 loss from azide complexess.23,24 Dinuclear complex 5 is likely a product that is trapped by 
free CO in solution. 
Substitution at the Imido Ligand. To further investigate the chemistry accessible to 
W(IV) imido complexes, substitution of the imido hydrogen was attempted. Imido 
complexes are more commonly produced from substituted azides such as trimethylsilyl azide 
and phenyl azide than from [N3]-.19-21 Another related synthetic method is the decomposition 
of [N3]- to produce nitrido complexes with N2 loss.19,20,25-27 These nitrido complexes can 
form imido complexes upon addition of electrophiles such as methyl triflate. This precedent 
was utilized in attempts to produce substituted imido complexes of the formula 
[W(≡NR)(acac)(PMe3)3]+. Addition of a trapping reagent, MeI, to the reaction forming 4-NH 
to promote methylation rather than proton addition from adventitious water, resulted in a 
number of unidentifiable products. Addition of phenyl azide or trimethylsilyl azide in lieu of 
sodium azide under rigorously dry conditions showed only decomposition.  
Schrock and co-workers have reacted the isolable tungsten(IV) imido complex 
Cp*WMe3(NH) with nBuLi to produce the oligomer [Cp*WMe3(NLi)]x.28 Addition of 
electrophiles such as MeOTf or TMSCl to the oligomer leads to addition at nitrogen. 
Similarly, deprotonation of [Tp′(CO)2W(NH)]+ with either Et3N or KH produces the neutral 
nitride complex.27 Addition of electrophiles to the nitride complex produces substituted 
imido complexes. In contrast to results with the electron-poor Tp′W(CO)2NH+ derivative, 
addition of base to 4-NH[BF4] followed by D2O leads to deprotonation and deuteration at the 



























Schrock and co-workers demonstrated exchange of the NH proton for deuterium upon 
addition of D2O.28 The reaction is believed to be catalyzed by traces of acid, and 
[Cp*WMe3(NHD)]+ is postulated as an intermediate. Addition of D2O to 4-NH[BF4] indeed 
results in deuterium exchange at the imido group (eq 7). The NH signal disappears in the 1H 
NMR spectrum and a corresponding deuterium resonance is found in the 2H NMR spectrum.  
 
Synthesis of an Analogous Tungsten-Oxo Complex. Reaction of isocyanates with 
metal oxo species to produce substituted imido complexes and CO2 is well-documented (eq 
8).19-22,29-31 These reactions are proposed to proceed through [2+2] cycloaddition of an 
isocyanate C=N bond to the metal-oxo linkage to produce a cyclometallacarbamate.32,33 This 
method is a popular route for converting metal oxo complexes to substituted imido 
complexes. 
 
In Chapter 3 we described the synthesis of a set of W(IV) bis(acac) oxo derivatives. 
Would it be possible to prepare the oxo analog of the terminal imido complex formed from 
the W(CO)(acac)2 precursor? If so, we could attempt conversion of the oxo to a substituted 
NR imido complex. To probe the possibility of preparing analogous substituted imido 
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complexes, W(O)(acac)2(2-Me2C=O) was stirred for three days in CH3CN with PMe3 and 
Na[BF4] in an effort to produce [W(O)(acac)(PMe3)3][BF4] (4-O[BF4]) (eq 9). Even after 
three days of stirring, the reaction did not go to completion and a significant amount of 
starting material was separated from the product via chromatography on silica. Nonetheless, 
the 1H and 31P NMR of 4-O[BF4] spectra are very similar to spectra of 4-NH (without the 

























A solid state structure confirms the formation of 4-O[BF4] (Figure 4.7). The 
connectivity mirrors that of 4-NH[I] with the three phosphine ligands positioned in 
 
Figure 4.7. ORTEP diagram of [WO(acac)(PMe3)3][BF4], 4-O[BF4]. Thermal ellipsoids are 
drawn with 50% probability. BF4 counterion, CH2Cl2 solvent, and hydrogen atoms are 
omitted for clarity. 
a meridional geometry. Different tungsten-phosphine bond lengths are also observed with a 
relatively short W1-P2 bond length of 2.4677(8) Å trans to the acac ligand. W1-P1 has a 
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bond length of 2.5189(8) Å and W1-P3 has a bond length of 2.5326(9) Å. The W1-O1 bond 
distance is 1.729(2) Å, slightly longer than average for W=O bonds.20,34 The W1-O6 bond 
length, the acac oxygen trans to the oxo ligand, is 2.115(2) Å while the W1-O2 bond length 
is significantly shorter at 2.058(2) Å, showing the trans influence of the multiply bound oxo 
ligand.  
A J-Young NMR tube was loaded with 4-O[BF4], 10 equiv of phenyl isocyanate, and 
THF-d8 under an N2 atmosphere and then the solution was heated to 70 °C for 18 h. A 1H 
NMR spectrum shows no evidence of conversion to an imido product. More rigorous 
procedures were not attempted. Literature examples require extended heating in higher 
boiling solvents to promote the for exchange reaction.19-22,30,31  
Aryl Isocyanate Reactions with the Tungsten-Imido Complex. Boncella and co-
workers have recently demonstrated imido exchange in bis(imido) uranium(VI) complexes 
with aryl isocyanates.35 Exchange of one equivalent of aryl isocyanate occurs after 2 days at 
room temperature. This reactivity is also known for molybdenum, chromium, titanium, and 
vanadium complexes.36-39 It is proposed that the imido ligand undergoes a Wittig-like [2+2] 
cycloaddition with the isocyanate molecule to form the new imido complex as in the case of 
isocyanate addition to oxo complexes (eq 8). However, the intermediate metallacycle for 
imido exchange has never been isolated. 
In an attempt to extend this reactivity to tungsten complexes, an NMR tube was 
loaded with 4-NH[BF4] and 10 equiv of phenyl isocyanate in CD2Cl2. After 4 days at room 
temperature a new product represents approximately 10% of the total metal reagent present. 
An additional 3 days at room temperature leads to a second product. Due to the slow 
conversion, a large excess of phenyl isocyanate was added and the mixture was heated to 35 
°C. After 3 days of heating no starting material remained and the first product and the second 
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product were present in a 3:4 ratio. The 1H and 31P NMR spectra of both complexes are 
similar to the NMR spectra of 4-NH, although shifted, with NMR data for both products 
indicating the presence of one acac ligand and three phosphine ligands in a meridional 
geometry. Each new complex also displays an apparent N-H resonance in the 1H NMR; the 
first product has a resonance at 9.0 ppm while the second product has a resonance is at 11.2 
ppm. After heating at 45 °C for an additional 4 days, complete conversion to the final 
product was observed.  
The compositions of the intermediate and product are not revealed by NMR 
spectroscopy. An intriguing possibility would be the isolation of the final imido exchange 
product as well as the postulated metallacycle intermediate.35-39 However, a high resolution 
mass spectrum of the final product shows the presence of two equivalents of phenyl 
isocyanate. Based on this data it is proposed that both products reflect isocyanate C=N 
insertion into the nitrogen-hydrogen bond of the imido ligand (eq 10). The observed 
intermediate reflects addition of a single equivalent of phenyl isocyanate to form 
[W(NC(O)NHPh)(acac)(PMe3)3][BF4], (6-Ph[BF4]). Insertion of a second equivalent of 
isocyanate into the new N-H bond would yield the final product 
[W(NC(O)NPhC(O)NHPh)(acac)(PMe3)3][BF4], (7-Ph[BF4]). 7-Ph[BF4] possesses an amide 
hydrogen atom well-positioned for hydrogen binding to the oxygen atom of C=O through a 
six-membered ring and compatible with the downfield shift to 11.2 ppm. Attempts to grow 
crystals for a solid-state structure of 7-Ph were unsuccessful even after counterion exchange 
with NaBAr′4.  
Mizobe and co-workers have observed similar addition of phenyl isocyanate to a 
terminal imido molybdenum complex to form a carbamoylimido complex at room 
temperature.40 The reaction is accelerated by addition of a catalytic amount of Et3N, 
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presumably resulting in formation of a nitrido intermediate, followed by addition of 
isocyanate and protonation at the incorporated nitrogen. 
 
Due to the length of time required to produce the isocyanate addition product, a more 
efficient synthesis was desired. Heating 4-NH[BF4] in neat phenyl isocyanate at 100 °C for 5 
h produces 7-Ph[BF4] and isocyanate oligomers. Clean product is isolated via fractional 
chromatography on silica or alumina with a CH3CN/CH2Cl2 mixture.  
To access other complexes more amenable to crystallization, a variety of substituted 
isocyanates were utilized. Dissolving 4-NH[BAr′4] in 3,5-bis(trifluoromethyl)phenyl 
isocyanate and heating to 90 °C for 1.5 h leads to solidification of the mixture (eq 11). The 
brown product is then dissolved in CH3CN and filtered through a frit to remove organic 
byproducts. Fractional chromatography on alumina leads to isolation of clean green-brown 
product. NMR spectroscopy indicates a product consistent with addition of a single 
isocyanate. In particular, the 1H NMR spectrum shows an N-H resonance at 7.28 ppm, far 






























(CF3)2 [BAr'4]  
An X-ray structure was obtained of 3,5-bis(trifluoromethyl)phenyl isocyanate 
addition 6-Ar(CF3)2 (Figure 4.8). Indeed, only one equivalent of isocyanate inserts into the 
nitrogen-hydrogen bond. The W1-N1 bond length is 1.783(5) Å, only a slight increase from 
1.757(5) Å in the 4-NH[I] precursor, indicating little loss in W-N triple bond character. 
While there is no mirror plane present in the solid state, the two trans phosphine ligands are 
coincidental in the NMR spectra, no doubt due to rotation about the W≡N-C axis. 
 
Figure 4.8. ORTEP diagram of [W(NC(O)NHAr(CF3)2)(acac)(PMe3)3][BAr′4] (Ar = 3,5-
bis(trifluoromethyl)phenyl). Thermal ellipsoids are drawn with 50% probability. BAr′4 
counterion and non-essential hydrogen atoms omitted for clarity.  
The reluctance of the 3,5-bis(trifluoromethyl)phenyl isocyanate product to undergo a 
second isocyanate insertion was unexpected. No other aryl isocyanates that we screened 
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demonstrated this selectivity for a single insertion. However, the electronic nature of the 
trifluoromethyl substituents on the phenyl ring is unique. Presumably the electron-
withdrawing ability of the –CF3 groups prevents insertion of a second equivalent of aryl 
isocyanate. This result also lends credence to the hypothesis that isocyanate addition occurs 
at the N-H bond rather than at the W-N bond. The electronic influence of the CF3 groups 
would likely not be sufficiently influential to prevent insertion at the W-N bond of 6-
Ar(CF3)2. However, that influence would be far more significant at the N-H bond, and could 
account for inhibiting reaction with a second equivalent of isocyanate. 
In pursuit of a solid state structure of a double insertion product we turned to mesityl 
isocyanate, and it proved to be more sensitive to reaction conditions than other aryl 
isocyanates. Heating a neat mixture of 4-NH[BF4] and mesityl isocyanate to 100 °C for 24 h 
produces a mixture of single and double insertion products in a 45:55 ratio. However, after 
counterion exchange to aid crystallization, heating 4-NH[BAr′4] in mesityl isocyanate at 
temperatures greater than 70 °C results in decomposition. A mixture of 4-NH[BAr′4] and 
mesityl isocyanate was heated at 60 °C for 8 days to produce the BAr′4 salt of the final 




[BAr′4] (7-Mes[BAr′4] (eq 12). Fractional chromatography on alumina with CH3CN in 
CH2Cl2 elutes a clean brown product. 
A solid state structure was obtained of the double insertion product with mesityl 
isocyanate (Figure 4.9). The W1-N17 bond length is 1.769(3) Å, again indicative of a triple 
bond. One of the key features is the H32-O19 contact within the six-membered ring 
conformation. The bond distance between the two atoms is 1.97 Å, indicative of hydrogen 
bonding. This hydrogen bonding accounts for the orientation of the atoms in this complex, 
and it could also explain why additional insertions of mesityl isocyanate are not seen beyond 
the first two. Breaking the hydrogen bond to insert a third equivalent of mesityl isocyanate 
may be energetically unfavorable. 
 
Figure 4.9. ORTEP diagram of [W(NC(O)NMesC(O)NHMes)(acac)(PMe3)3][BAr′4] (Mes = 
mesityl). Thermal ellipsoids are drawn with 50% probability. BAr′4 counterion non-essential 
and hydrogen atoms omitted for clarity. 
Summary 
 The displacement of nitrile and acetylacetonate ligands from W(CO)(acac)2(η2-
PhC≡N) by trimethylphosphine and halide anions has been shown to produce 
W(CO)(acac)(X)(PMe3)3. Use of NaN3 leads to loss of carbon monoxide and dinitrogen, and 
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protonation then yields the cationic imido complex [W(NH)(acac)(PMe3)3]+. Attempts to 
produce substituted imido complexes from the W≡NH unit have been unsuccessful. 
Deuterium exchange occurs in the presence of D2O to produce W≡ND. Isocyanate insertion 
into to the NH bond occurs at high temperatures to form new C-N bonds. 
Experimental 
General Information. All air-and moisture-sensitive materials were handled using 
Schlenk or glovebox techniques under a dry nitrogen or argon atmosphere, respectively. All 
glassware was oven-dried before use. Methylene chloride, diethyl ether, and hexanes were 
purified by passage through an activated alumina column under a dry argon atmosphere.41 
THF was distilled from a sodium ketal suspension. Methylene chloride-d2 was dried over 
CaH2 and degassed. Complexes W(CO)3(acac)21 and W(CO)(acac)2(L)1,2 and NaBAr′442 were 
made in accordance with literature procedures. All other reagents were purchased from 
commercial sources and used without further purification. Work completed by Dr. Jackson is 
not presented here. 
 NMR spectra were recorded on Bruker DRX 500, DRX400, AMX400, or AMX300 
spectrometers. 1H and 13C NMR chemical shifts were referenced to the residual signals of the 
deuterated solvents. 31P NMR chemical shifts were referenced to H3PO4 as an external 
standard. NMR data are given for one salt (BF4 or BAr′4); chemical shift differences between 
the two salts are negligible. Infrared spectra were recorded on an ASI Applied Systems React 
IR 1000 FT-IR spectrometer. Elemental analysis was preformed by Robertson Microlit, 
Madison, NJ. Mass spectra (MS) and high resolution mass spectra (HRMS) were acquired 
with a Bruker BioTOF II reflectron time-of-flight (reTOF) mass spectrometer equipped with 
an Apollo electrospray ionization (ESI) source. Mass spectral data are reported for the most 
abundant tungsten isotope. 
 
104
Representative [BAr′4]- NMR Data. 1H and 13C NMR data for the [BAr′4]- 
counterion are reported separately for simplicity. 1H NMR (CD2Cl2, 193 K, ): 7.77 (br, 8H, 
o-Ar'), 7.60 (br, 4H, p-Ar'). 13C NMR (CD2Cl2, 193 K, ): 162.2 (1:1:1:1 pattern, 1JB-C = 50 
Hz, Cipso), 135.3 (Cortho), 129.4 (qq, 2JC-F = 30 Hz, 4JC-F = 5 Hz, Cmeta), 125.1 (q, 1JC-F = 270 
Hz, CF3), 117.9 (Cpara). 
W(Cl)(CO)(acac)(PMe3)3 (3-Cl). Method A. A Schlenk flask was charged with 
W(CO)(acac)2(2-PhC≡N) (0.100 g, 0.195 mmol) under an nitrogen atmosphere. CH2Cl2 (20 
mL) was syringed in followed by PMe3 (0.2 mL, 1.9 mmol). The red-brown solution was 
stirred for 3 days. Solvent was removed and the product was extracted with hexanes. The 
solution was filtered through a frit and solvent was removed via rotary evaporation. Yield: 
0.050 g, 0.087 mmol, 47%. A concentrated hexanes solution was stored at -30 °C to yield 
crystals suitable for X-ray analysis. Method B. W(CO)(acac)2(2-O=CMe2) (0.080 g, 0.171 
mmol) was dissolved in CH3CN. Excess NaCl (0.065 g, 1.1 mmol) was added to the solution 
under a backflow of N2 and PMe3 (0.10 mL, 0.97 mmol) was syringed in. The solution was 
allowed to stir overnight to produce a red-orange solution with precipitate. Solvent was 
removed and the product was extracted with hexanes. The solution was filtered through a frit 
and solvent was removed via rotary evaporation. Yield: 0.058 g, 0.101 mmol, 59%. IR 
(hexanes): νCO = 1760 cm-1. 1H NMR (CD2Cl2, 298 K, δ): 5.59 (s, 1H, acac CH), 2.02 (s, 6H, 
acac CH3), 1.37 (pseudo d, 18H, eq P(CH3)3), 1.14 (d, 9H, ax P(CH3)3, 2JP-H = 8 Hz). 31P 
NMR (CD2Cl2, 298 K, δ): 11.0 (t, 1P, ax PMe3, 2JP-P = 20 Hz, 1JP-W = 315 Hz), 6.7 (d, 2P, eq 
PMe3, 2JP-P = 20 Hz, 1JP-W = 269 Hz). 13C NMR (CD2Cl2, 298 K, δ): 289.5 (dt, CO, 2JC-P = 
27, 39 Hz), 185.1 (t, acac CO, 3JC-P = 3 Hz), 101.5 (acac CH), 27.7 (acac CH3), 17.2 (d, eq 
P(CH3)3, 1JC-P = 26 Hz), 15.3 (dt, ax P(CH3)3, 1JC-P = 32 Hz, 3JC-P = 14 Hz). Anal Calcd for 
WC15H34ClO3P3: C, 31.35; H, 5.96. Found: C, 30.99; H, 5.65. 
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W(Br)(CO)(acac)(PMe3)3 (3-Br). Synthesized using Method B but with NaBr added 
in place of NaCl. Yield: 0.061 g, 0.989 mmol, 46%. IR (hexanes): νCO = 1762 cm-1. 1H NMR 
(CD2Cl2, 298 K, δ): 5.63 (s, 1H, acac CH), 2.02 (s, 6H, acac CH3), 1.46 (pseudo d, 18H, eq 
P(CH3)3), 1.14 (d, 9H, ax P(CH3)3, 2JP-H = 9 Hz). 31P NMR (CD2Cl2, 298 K, δ): 10.5 (t, 1P, 
ax PMe3, 2JP-P = 20 Hz, 1JP-W = 324 Hz), 2.7 (d, 2P, eq PMe3, 2JP-P = 20 Hz, 1JP-W = 265 Hz). 
13C NMR (CD2Cl2, 298 K, δ): 185.3 (t, acac CO, 3JC-P = 3 Hz), 101.9 (acac CH), 27.7 (acac 
CH3), 16.8 (d, eq P(CH3)3, 1JC-P = 27 Hz), 16.2 (dt, ax P(CH3)3, 1JC-P = 33 Hz 3JC-P = 16 Hz). 
Anal Calcd for WC15H34IO3P3: C, 29.10; H, 5.54. Found: C, 29.24; H, 5.53. 
W(I)(CO)(acac)(PMe3)3 (3-I). Synthesized using Method B but with NaI added in 
place of NaCl. Yield: 0.605 g, 0.908 mmol, 85%. IR (hexanes): νCO = 1767 cm-1. 1H NMR 
(CD2Cl2, 298 K, δ): 5.68 (s, 1H, acac CH), 2.01 (s, 6H, acac CH3), 1.58 (pseudo d, 18H, eq 
P(CH3)3), 1.12 (d, 9H, ax P(CH3)3, 2JP-H = 9 Hz). 31P NMR (CD2Cl2, 298 K, δ): 11.6 (t, 1P, 
ax PMe3, 2JP-P = 18 Hz, 1JP-W = 328 Hz), -0.6 (d, 2P, eq PMe3, 2JP-P = 18 Hz, 1JP-W = 258 Hz). 
13C NMR (CD2Cl2, 298 K, δ): 284.1 (dt, CO, 2JC-P = 25, 41 Hz), 185.4 (t, acac CO, 3JC-P = 3 
Hz), 102.5 (acac CH), 27.6 (acac CH3), 17.9 (dt, ax P(CH3)3, 1JC-P = 34 Hz, 3JC-P = 18 Hz), 
16.2 (d, eq P(CH3)3, 1JC-P = 27 Hz). Anal Calcd for WC15H34IO3P3: C, 27.05; H, 5.14. Found: 
C, 27.26; H, 5.17.  
W(SCN)(CO)(acac)(PMe3)3 (3-SCN). Synthesized using Method B but with KSCN 
added in place of NaCl. 1H NMR (CD2Cl2, 298 K, δ): 5.63 (s, 1H, acac CH), 2.05 (s, 6H, 
acac CH3), 1.37 (pseudo d, 18H, eq P(CH3)3), 1.11 (d, 9H, ax P(CH3)3, 2JP-H = 8 Hz). 31P 
NMR (CD2Cl2, 298 K, δ): 8.0 (t, 1P, ax PMe3, 2JP-P = 15 Hz, 1JP-W = 291 Hz), 6.8 (d, 2P, eq 
PMe3, 2JP-P = 15 Hz, 1JP-W = 262 Hz).  
 [W(NH)(acac)(PMe3)3][I] (4-NH[I]). A Schlenk flask was charged with 
W(CO)(acac)(I)(PMe)3 (0.104 g, 0.156 mmol) and CH3CN (20 mL). NaN3 (0.110 g, 1.69 
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mmol) was added under a backflow of N2. After stirring for 24 h, a color change was noted 
from red-orange to blood-red. The product was washed with hexanes and filtered though a 
sintered glass frit with CH2Cl2. Yield: 0.060 g, 0.092 mmol, 59%. Crystals suitable for X-ray 
analysis were formed by slow evaporation of a solution of the product in CH2Cl2/hexanes. IR 
(KBr): νNH = 3161 cm-1. 1H NMR (CD2Cl2, 298 K, δ): 8.84 (br s, 1H, NH), 5.86 (s, 1H, acac 
CH), 2.71, 2.27 (s, 3H, acac CH3), 1.80 (d, 9H, P(CH3)3, 2JP-H = 9 Hz), 1.26 (pseudo t, 18H, 
P(CH3)3, 2JP-Happarent = 4 Hz). 31P NMR (CD2Cl2, 298 K, δ): -11.7 (s, 1P, PMe3, 1JP-W = 410 
Hz), -14.0 (s, 2P, PMe3, 1JP-W = 311 Hz).  
[W(NH)(acac)(PMe3)3][BF4] (4-NH[BF4]). W(CO)(2-O=CMe2)(acac)2 (0.050 g, 
0.107 mmol) was dissolved in CH3CN (not anhydrous). NaN3 (0.022 g, 0.339 mmol) and 
NaBF4 (0.013 g, 0.118 mmol) were added under a backflow of N2. PMe3 (0.06 mL, 0.58 
mmol) was syringed into the red solution resulting in a color change to orange. After 24 h of 
stirring, the red product was washed with hexanes and filtered through a sintered glass frit 
with CH2Cl2 to yield a blood-red solution. Solvent was removed and the solution was 
triturated with hexanes to produce a red powder. Yield: 0.035 g, 0.057 mmol, 53%. 1H NMR 
(CD2Cl2, 298 K, δ): 8.44 (br s, 1H, NH), 5.87 (s, 1H, acac CH), 2.71, 2.28 (s, 3H, acac CH3), 
1.77 (d, 9H, P(CH3)3, 2JP-H = 9 Hz), 1.25 (pseudo t, 18H, P(CH3)3, 2JP-Happarent = 4 Hz). 31P 
NMR (CD2Cl2, 298 K, δ): -12.0 (s, 1P, PMe3, 1JP-W = 409 Hz), -14.1 (s, 2P, PMe3, 1JP-W = 
308 Hz). 13C NMR (CD2Cl2, 298 K, δ): 187.1, 186.4 (acac CO), 100.4 (acac CH), 26.7, 26.0 
(acac CH3), 23.3 (d, P(CH3)3, 1JC-P = 31 Hz), 16.2 (t, P(CH3)3, 1JC-P = 13 Hz). Anal Calcd for 
WC14H35NO2P3BF4: C, 27.43; H, 5.75; N, 2.28. Found: C, 26.94; H, 5.40; N, 2.17. 
W(N3)(CO)(acac)(PMe3)3 (3-N3). W(CO)(2-O=CMe2)(acac)2 (0.700 g, 1.50 mmol) 
was dissolved in CH3CN which was dried over sieves. NaN3 (0.30 g, 4.6 mmol) and NaBF4 
(0.17 g, 1.5 mmol) were added under a backflow of N2. PMe3 (0.6 mL, 5.8 mmol) was 
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syringed into the red solution. After 3 days of stirring the solvent was removed and the red 
product was washed with hexanes to yield an orange solution. Solvent was removed to yield 
an orange powder. Yield: 0.123 g, 0.211 mmol, 14%. IR (KBr): νCO = 1737 cm-1, νN3 = 2061 
cm-1. 1H NMR (CD2Cl2, 298 K, δ): 5.64 (s, 1H, acac CH), 2.08 (s, 6H, acac CH3), 1.37 
(pseudo d, 18H, eq P(CH3)3), 1.12 (d, 9H, ax P(CH3)3, 2JP-H = 8 Hz). 31P NMR (CD2Cl2, 298 
K, δ): 10.6 (t, 1P, ax PMe3, 2JP-P = 18 Hz, 1JP-W = 294 Hz), 9.27 (d, 2P, eq PMe3, 2JP-P = 18 
Hz, 1JP-W = 274 Hz). 13C NMR (CD2Cl2, 298 K, δ): 290.8 (dt, CO, 2JC-P=28, 38 Hz), 185.8 (t, 
acac CO, 3JC-P = 3 Hz), 101.5 (acac CH), 27.7 (acac CH3), 16.8 (d, eq P(CH3)3, 1JC-P = 26 
Hz), 15.8 (dt, ax P(CH3)3, 1JC-P = 30 Hz, 3JC-P = 13 Hz). 
[(PMe3)2(acac)(CO)W≡N-W(CO)2(acac)(PMe3)2][BF4] (5[BF4]). Continued from 
synthesis of W(N3)(CO)(acac)(PMe3)3. After washing with hexanes the remaining red solid 
consisted of two products by 31P NMR spectroscopy. The product was chromatographed on 
alumina to elute an orange fraction with 5% CH3CN in CH2Cl2. Solvent was removed to 
yield pure product. The remaining red fraction was eluted with 25:75 CH3CN:CH2Cl2 and 
was shown to be [W(NH)(acac)(PMe3)3][BF4] by NMR spectroscopy. Yield: 0.113 g, 0.107 
mmol, 7%. IR (KBr): 1810, 1903, 1916, 1947 cm-1 (CO). 1H NMR (CD2Cl2, 298 K, δ): 5.89, 
5.55 (s, 1H, acac CH), 2.29, 2.05, 1.92 (s, 3:6:3H, acac CH3), 1.72 (pseudo t, 18H, P(CH3)3, 
2JP-Happarent = 5 Hz), 1.36 (pseudo t, 18H, P(CH3)3, 2JP-Happarent = 4 Hz). 31P NMR (CD2Cl2, 298 
K, δ): 1.1 (s, 2P, PMe3, 1JP-W = 120 Hz), -9.7 (s, 2P, PMe3, 1JP-W = 325 Hz). 13C NMR 
(CD2Cl2, 298 K, δ): 257.0 (br s, W(IV) CO), 246.2 (t, W(II) CO, 2JC-P = 30 Hz), 192.5, 188.9, 
187.4 (1:1:2, acac CO), 103.0, 102.1 (acac CH), 27.9, 27.8, 27.7 (1:2:1, acac CH3), 16.6 (m, 
P(CH3)3), 15.6 (t, P(CH3)3, 1JC-P = 14 Hz).  
[(PMe3)2(acac)(CO)W≡N-W(CO)2(acac)(PMe3)2][BAr′4] (5[BAr′4]). 
[W2N(acac)2(CO)3(PMe3)4][BF4] (0.030 g, 0.028 mmol) was dissolved in CH2Cl2. NaBAr′4 
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(0.027 g, 0.030 mmol) was added and the solution was stirred for 3 h to ensure complete 
counterion exchange. The resulting product was chromatographed on alumina with 10% 
CH3CN in CH2Cl2. The orange product was dissolved in CH2Cl2, layered with hexanes, and 
stored at -30 °C for 3 days to form crystals suitable for X-ray analysis and elemental 
analysis. Anal Calcd for W2C57H62NO7P4BF24: C, 37.38; H, 3.41; N, 0.76. Found: C, 37.21; 
H, 3.09; N, 0.64. 
Attempted deprotonation of [W(NH)(acac)(PMe3)3][BF4]. A Schlenk flask was 
loaded with 4-NH[BF4] (0.020 g, 0.033 mmol) and NaH (0.001 g, 0.04 mmol). The flask was 
cooled to -78 °C and THF was slowly syringed in. The solution was warmed to room 
temperature after 5 min and stirred for 45 min at room temperature. D2O was added and the 
solution was stirred for 1 h. 1H NMR (CD2Cl2, 298 K, δ): 8.36 (br s, 1H, NH), 5.87 (s, 1H, 
acac CH), 2.72, 2.28 (br s, less than 1H, acac CH3), 1.77 (d, 9H, P(CH3)3, 2JP-H = 9 Hz), 1.25 
(pseudo t, 18H, P(CH3)3, 2JP-Happarent = 4 Hz). 31P NMR (CD2Cl2, 298 K, δ): -12.0 (s, 1P, 
PMe3, 1JP-W = 409 Hz), -14.1 (s, 2P, PMe3, 1JP-W = 306 Hz). 
[W(ND)(acac)(PMe3)3][BF4] (4-ND[BF4]). 4-NH[BF4] was dissolved in D2O in an 
NMR tube. A 1H NMR spectrum after 5 minutes showed loss of the imido proton signal at 
9.0 ppm. IR (KBr): νND = 2321 cm-1. 1H NMR (CD2Cl2, 298 K, δ): 5.81 (s, 1H, acac CH), 
2.52, 2.13 (s, 3H, acac CH3), 1.60 (d, 9H, P(CH3)3, 2JP-H = 9 Hz), 1.11 (pseudo t, 18H, 
P(CH3)3). 2H NMR (CD2Cl2, 298 K, δ): 8.44 (br s, ND). 31P NMR (CD2Cl2, 298 K, δ): -13.2 
(s, 1P, PMe3, 1JP-W = 409 Hz), -14.9 (s, 2P, PMe3, 1JP-W = 306 Hz). 
[W(O)(acac)(PMe3)3][BF4] (4-O[BF4]). W(O)(acac)2(2-O=CMe2) (0.134 g, 0.294 
mmol) was dissolved in dry CH3CN. NaBF4 (0.056 g, 0.510 mmol) was added under a 
backflow of N2 followed by PMe3 (0.12 mL, 1.2 mmol). The solution was stirred overnight. 
Solvent was removed and the product was washed with hexanes to isolate yellow starting 
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material. The brown product was chromatographed on silica with a mixture of 20% CH3CN 
in CH2Cl2. 1H NMR (CD2Cl2, 298 K, δ): 6.01 (s, 1H, acac CH), 2.93, 2.38 (s, 3H, acac CH3), 
1.88 (d, 9H, P(CH3)3, 2JP-H = 9 Hz), 1.31 (pseudo t, 18H, P(CH3)3, 2JP-Happarent = 4 Hz). 31P 
NMR (CD2Cl2, 298 K, δ): -16.3 (s, 1P, PMe3, 1JP-W = 465 Hz), -17.4 (s, 2P, PMe3, 1JP-W = 
343 Hz). 
[W(NC(O)NHPh)(acac)(PMe3)3][BF4] (6-Ph[BF4]). Observed as intermediate in the 
synthesis of 7-Ph[BF4]. 1H NMR (CD2Cl2, 298 K, δ): 9.00 (s, 1H, NH), 6.9-7.8 (C6H5) 6.05 
(s, 1H, acac CH), 3.02, 2.45 (s, 3H, acac CH3), 1.89 (d, 9H, P(CH3)3, 2JP-H = 10 Hz), 1.29 (br 
s, 18H, P(CH3)3). 31P NMR (CD2Cl2, 298 K, δ): -15.1 (s, 1P, PMe3), -17.2 (s, 2P, PMe3). 
[W(NC(O)NPhC(O)NHPh)(acac)(PMe3)3][BF4] (7-Ph[BF4]). A Schlenk tube was 
charged with 4-NH[BF4] (0.110 g, 0.179 mmol) and evacuated. Under a N2 atmosphere 
phenyl isocyanate (10 mL, 92 mmol) was added. The solution was stirred at 100 °C for 5 h. 
A large amount of isocyanate oligomers formed and solidified upon cooling. The product 
was dissolved in CH3CN, filtered through Celite, and chromatographed on silica. The 
remaining oligomers were eluted with CH2Cl2 and the product was eluted as a brown band 
with 25% CH3CN in CH2Cl2. Yield: 0.054 g, 0.063 mmol, 35%. 1H NMR (CD2Cl2, 298 K, 
δ): 11.2 (s, 1H, NH), 7.14-7.63 (C6H5), 6.04 (s, 1H, acac CH), 2.94, 2.51 (s, 3H, acac CH3), 
1.92 (d, 9H, P(CH3)3, 2JP-H = 9 Hz), 1.17 (pseudo t, 18H, P(CH3)3, 2JP-Happarent = 4 Hz). 31P 
NMR (CD2Cl2, 298 K, δ): -18.7 (s, 1P, PMe3, 1JP-W = 390 Hz), -19.9 (s, 2P, PMe3, 1JP-W = 
298 Hz). HRMS (ESI) m/z Calc.: 764.214 (M+), 688.169 (M+-PMe3), 645.176 (M+-PhNCO), 
612.125 (M+-2 PMe3). Found: 764.211, 688.167, 645.174, 612.123. 
[W(NC(O)NHAr(CF3)2)(acac)(PMe3)3][BAr′4] (6-Ar(CF3)2[BAr′4]). A Schlenk tube 
was charged with [W(NH)(acac)(PMe3)3][BAr′4] (0.105 g, 0.076 mmol) which was produced 
from the counterion exchange of [W(NH)(acac)(PMe3)3][BF4] with NaBAr′4. 3,5-
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bis(trifluoromethyl)phenyl isocyanate was added and the mixture was heated to 90 °C for 1.5 
h. At that time, the brown mixture solidified. The product was dissolved in CH3CN, filtered 
through Celite, and fractionally chromatographed on alumina with 10% CH3CN in CH2Cl2. 
After 31P NMR analysis of the fractions, the brown product was isolated. Yield: 0.052 g, 
0.032 mmol, 42%. Slow evaporation of a solution of 6-Ar(CF3)2[BAr′4] in CH2Cl2/hexanes 
yielded green-brown crystals suitable for X-ray analysis. 1H NMR (CD2Cl2, 298 K, δ): 8.00 
(s, 2H, o-Ar), 7.66 (s, 1H, p-Ar), 7.28 (s, 1H, NH), 6.08 (s, 1H, acac CH), 3.01, 2.46 (s, 3H, 
acac CH3), 1.89 (d, 9H, P(CH3)3, 2JP-H = 9 Hz), 1.26 (pseudo t, 18H, P(CH3)3, 2JP-Happarent = 3 
Hz). 31P NMR (CD2Cl2, 298 K, δ): -17.7 (s, 1P, PMe3, 1JP-W = 359 Hz), -19.6 (s, 2P, PMe3, 
1JP-W = 269 Hz). 13C NMR (CD2Cl2, 298 K, δ): 189.1 (br s, acac CO), 188.6 (m, acac CO), 
159.4 (s, C=O), 139.1 (s, Ar), 132.7 (q, m-Ar, 2JC-F = 34 Hz), 123.5 (q, ArCF3, 1JC-F = 273 
Hz), 119.4 (br s, Ar), 118.0 (t, p-Ar), 100.0 (br s, acac CH), 26.4, 25.6 (acac CH3), 22.1 (d, 
P(CH3)3, 1JC-P = 32 Hz), 15.7 (t, P(CH3)3, 1JC-P = 14 Hz). Anal Calcd for 
WC55H50BF30N2O3P3: C, 40.17; H, 3.06; N, 1.70. Found: C, 40.25; H, 2.87; N, 1.59. 
[W(NC(O)NMesC(O)NHMes)(acac)(PMe3)3][BAr′4] (7-Mes[BAr′4]). A Schlenk 
tube was loaded with [W(NH)(acac)(PMe3)3][BAr′4] and 2,4,6-trimethylphenyl isocyanate. 
The mixture was heated to 60 °C to form a melt and the solution was stirred for 8 days. The 
product was dissolved in CH3CN, filtered through Celite, and fractionally chromatographed 
on alumina with 10% CH3CN in CH2Cl2. After 31P NMR analysis of the fractions, a brown 
product was isolated. Yield: 0.020 g, 0.012 mmol, 33%. Slow evaporation of a solution of the 
product in CH2Cl2/hexanes produced X-ray quality brown crystals. 1H NMR (CD2Cl2, 298 K, 
δ): 10.2 (s, 1H, NH), 7.01, 6.92 (s, 1H, Mes CH), 6.00 (s, 1H, acac CH), 3.02, 2.42 (s, 3H, 
acac CH3), 2.33, 2.27, 2.22, 2.21 (s, 3:3:6:6, Mes CH3), 1.85 (d, 9H, P(CH3)3, 2JP-H = 9 Hz), 
1.06 (pseudo t, 18H, P(CH3)3, 2JP-Happarent = 3 Hz). 31P NMR (CD2Cl2, 298 K, δ): -20.1 (s, 1P, 
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PMe3, 1JP-W = 382 Hz), -20.8 (s, 2P, PMe3, 1JP-W = 298 Hz). 13C NMR (CD2Cl2, 298 K, δ): 
189.3, 188.0 (acac CO), 151.4 (C=O), 139-128 (Ar), 99.4 (br s, acac CH), 26.2, 25.4 (acac 
CH3), 21.1, 21.0, 18.6, 18.4 (Mes CH3), 22.3 (d, P(CH3)3, 1JC-P = 32 Hz), 15.2 (t, P(CH3)3, 
1JC-P = 14 Hz). Anal Calcd for WC66H69BF24N3O4P3: C, 46.31; H, 4.06; N, 2.45. Found: C, 
47.41; H, 4.20; N, 2.43. 
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Table 4.1. Crystal data and refinement parameters for W(Cl)(CO)(acac)(PMe3)3 (3-Cl), 
[W(NH)(acac)(PMe3)3][I] (4-NH[I]), and [W2N(acac)2(CO)3(PMe3)4][BAr′4] (5[BAr′4]). 
Complex 3-Cl 4-NH[I] 5[BAr′4] 
empirical formula C15H34ClO3P3W C14H35INO2P3W C115H126B2Cl2F48N2O14P8W4 
fw 574.63 653.08 3747.82 
color red red red 
T (K) 100(2) 100(2) 100(2) 
λ (Ǻ) 0.71073 1.54178 0.71073 
cryst syst monoclinic monoclinic monoclinic 
space group P21/n P21/c P21/c 
a (Å) 12.5027(2) 9.2952(7) 14.3007(5) 
B (Å) 11.2526(2) 14.0002(11) 19.3995(7) 
c (Å) 16.3340(3) 18.9917(16) 25.9122(9) 
α (deg) 90 90 90 
β (deg) 100.860(1) 96.099(3) 97.376(2) 
γ (deg) 90 90 90 
Vol. (Å3) 2256.84(7) 2457.5(3) 7129.2(4) 
Z 4 4 2 
ρcalcd (mg/m3) 1.691 1.762 1.746 μ, mm-1 5.459 20.581 3.462 
F(000) 1136 1252 3668 
Crystal size (mm3) 0.12 x 0.06 x 0.04 0.20 x 0.15 x 0.02 0.25 x 0.15 x 0.15 











Reflections Collected 60582 21336 78091 
Independent reflections 6579 4447 19175 
Data/restraints/parameters 6589/0/220 4447/0/211 19175/0/908 
Goodness-of-fit on F2 1.030 1.336 1.024 
R1, wR2[I>2σ(I)] 0.0184, 0.0335 0.0311, 0.1033 0.0324, 0.0731 




Table 4.2. Crystal data and refinement parameters for [W(O)(acac)(PMe3)3][BF4] (4-
O[BF4]), [W(NC(O)NArH)(acac)(PMe3)3][BAr′4] (6-Ar(CF3)2[BAr′4]), and 
[W(NC(O)NMesC(O)NHMes)(acac)(PMe3)3][BAr′4] (7-Mes[BAr′4]). 
Complex 4-O[BF4] 6-Ar(CF3)2[BAr′4] 7-Mes[BAr′4] 
empirical formula C14H34BF4O3P3W C55H50BF30N2O3P3W C66H69BF24N3O4P3W 
fw 613.98 1644.54 1711.81 
color red brown brown 
T (K) 100(2) 100(2) 100(2) 
λ (Ǻ) 1.54178 1.54178 0.71073 
cryst syst orthorhombic monoclinic monoclinic 
space group P212121 P21/n P21/c 
a (Å) 12.2589(2) 12.9606(4) 21.0034(3) 
B (Å) 13.7021(2) 27.3257(8) 19.4110(2) 
c (Å) 13.9339(2) 18.7119(6) 20.2569(2) 
α (deg) 90 90 90 
β (deg) 90 101.211(2) 114.458(1) 
γ (deg) 90 90 90 
Vol. (Å3) 2340.51(6) 6500.5(3) 7517.58(15) 
Z 4 4 4 
ρcalcd (mg/m3) 1.742 1.680 1.512 μ, mm-1 11.479 5.178 1.706 
F(000) 1208 3248 3432 
Crystal size (mm3) 0.25 x 0.20 x 0.10 0.15 x 0.15 x 0.02 0.25 x 0.10 x 0.05 











Reflections Collected 19452 41566 49496 
Independent reflections 4290 11259 13171 
Data/restraints/parameters 4290/0/247 10959/150/924 13171/144/993 
Goodness-of-fit on F2 1.167 1.051 1.006 
R1, wR2[I>2σ(I)] 0.0181, 0.0458 0.0567, 0.1273 0.0340, 0.0680 
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Synthesis and Reactivity of W(CO)(acac)2(η2-RC≡P) 
Complexes Containing π-Bound Phosphaalkyne Ligands 
 
Introduction 
We have recently demonstrated syntheses of W(CO)(acac)2 complexes with π-bound 
alkynes, nitriles, imines, aldehydes, and ketones.1,2 We wished to expand the scope of this 
family of W(CO)(acac)2 complexes to other π-bound ligands such as phosphaalkynes. 
Considering the parallel between W(CO)(acac)2(η2-N≡CR) and a hypothetical phosphorus 
analog, W(CO)(acac)2(η2-P≡CR), we have explored the reaction of W(CO)3(acac)2 with 
P≡CR. 
It is tempting to correlate phosphaalkyne reactivity with that of nitriles. However, the 
electronegativity differences among nitrogen (3.0), carbon (2.5), and phosphorus (2.2) cause 
a reversal in polarization across the triple bond of phosphaalkynes versus nitriles.3 Reactions 
with electrophiles typically occur at the carbon atom of phosphaalkynes in contrast to nitrile 
reactions with electrophiles where the heteroatom lone pair is the reaction site. The nitrogen 
atom of π-bound nitriles is nucleophilic as we have noted in W(CO)(acac)2 systems.4  
In accord with this reaction pattern, photoelectron spectroscopic studies have found 
that the highest occupied molecular orbital in phosphaalkynes is the π-type P≡C triple bond.5 
The majority of monometallic phosphaalkyne complexes therefore demonstrate π-binding of 
the P≡CR ligand (Figure 5.1, B) rather than σ-binding (Figure 5.1, A).3,6-9 While the first 
crystallographically characterized two-electron-bonded η2-phosphaalkyne complex was 
isolated in 1981,10 the first σ-bound mononuclear complex was not characterized by X-ray 
study until 1987,11 highlighting the preferred binding mode. A number of coordination modes 
have been observed with the phosphaalkyne ligand serving as an η2-bridging and/or P lone-
pair donor ligand to a second metal center (Figure 5.1, C-E).3,7-9 Phosphaalkynes are also 
useful in synthetic organic chemistry.12,13 
 
Figure 5.1. Coordination modes of phosphaalkyne ligand.3,7,8 
 While two-electron donation of phosphaalkynes to metal centers was well-established 
in the 1980’s,6,10,12-15 the first four-electron bonded phosphaalkyne complex was isolated in 
1995 by Green and Nixon and co-workers.16 The 31P and 13C NMR spectra exhibit significant 
downfield shifts of the phosphaalkyne signals in comparison to two-electron-bonded η2-
phosphaalkyne complexes. A number of reports of four-electron bonded phosphaalkyne 
complexes have since been noted.17-19 
Herein we discuss W(CO)(acac)2(η2-P≡CR) (R = tBu, Ad) complexes containing a 
four-electron donor phosphaalkyne ligand synthesized in collaboration with Professor John 
Nixon. Additionally, the reactivity of such complexes is explored and compared and 
contrasted to the reactivity of W(CO)(acac)2(η2-N≡CMe). 
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Results and Discussion 
Addition of Phosphaalkyne to W(CO)3(acac)2. Exposure of W(CO)3(acac)2 to 
tBuC≡P in CH2Cl2 leads to displacement of two equivalents of carbon monoxide and π-
binding of the phosphaalkyne ligand to form W(CO)(acac)2(η2-P≡CtBu), 1-tBu (eq 1). In situ 
IR spectroscopy shows growth of an absorbance at 1868 cm-1 and loss of signals at 1916 and 
2026 cm-1. This new absorbance is much lower in frequency than that seen of the analogous 
nitrile complexes W(CO)(acac)2(η2-N≡CR), typically around 1900 cm-1. This lower 
frequency absorbance is indicative of the decreased electronegativity of the phosphorus atom 
of phosphaalkyne compared to the nitrogen of nitriles, yielding a more electron-rich metal 
center.  
 
The 1H NMR spectrum of 1-tBu shows a pattern characteristic of an unsymmetrical 
W(acac)2 complex1,2,4,20 with two acac methine signals and four acac methyl signals. The 
resonance for the tert-butyl protons is observed at 1.52 ppm. In the 31P NMR spectrum, a 
signal is displayed at 322 ppm with tungsten satellites (1JP-W = 69 Hz), confirming binding of 
the phosphaalkyne to the tungsten metal center. The low value of the phosphorus-tungsten 
coupling constant is strongly suggestive of a π-complex. The 13C NMR spectrum also shows 
signals characteristic of an unsymmetrical W(acac)2 complex as evinced by four acac CO 
signals, two acac methine C-H resonances, and four signals for the acac methyl carbon 
atoms. A 13C resonance downfield at 305 ppm is displayed as a doublet (1JC-P = 113 Hz) for 
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the phosphaalkyne carbon triply-bound to phosphorus. The carbon monoxide 13C NMR 
signal appears at 245 ppm as a doublet with phosphorus coupling (2JC-P = 45 Hz). The 
downfield signals of the phosphaalkyne linkage are consistent four-electron donation by the 
ligand to the metal center.16-19 
Low-level calculations by Professor Cynthia Schauer indicate the phosphorus atom of 
the phosphaalkyne is located proximal to the carbon monoxide ligand. This conformation is 
preferred by 4 kcal/mol over the distal orientation of the phosphorus. For the 
W(CO)(acac)2(η2-N≡CR) system, the isomer with the nitrogen distal to the carbon monoxide 
is preferred by 9 kcal/mol.1 This difference in orientation between the phosphaalkyne ligand 
and the nitrile ligand is due to the reverse polarization across the carbon-heteroatom multiple 
bond. 
The addition of phosphaalkyne to the tungsten(II) bis(acac) center works equally well 
with adamantyl phosphaalkyne (P≡CAd). Addition of P≡CAd to a CH2Cl2 solution of 
W(CO)3(acac)2 is slow to react compared to 1-tBu (eq 2). The NMR data are consistent with 
those observed for W(CO)(acac)2(η2-P≡CtBu), indicating formation of W(CO)(acac)2(η2-
P≡CAd) (1-Ad). 
 
Reactivity of W(CO)(acac)2(η2-P≡CR) with W(CO)5(thf). π-Binding of a 
phosphaalkyne to a metal center does not enable electrophilic addition at the heteroatom as it 
does in the case of nitriles. Addition of excess MeOTf to 1-tBu only leads to decomposition. 
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Alkynes are known to undergo cycloaddition with some phosphaalkyne complexes,3,7-9 but 
addition of phenylacetylene to 1-tBu produces only decomposition. 
Our collaborator, Professor John Nixon, and others have seen activation of the lone 
pair on phosphorus of the phosphaalkyne with “softer” Lewis acidic centers such as M(CO)5 
fragments (M = Cr, Mo, W).15,21-26 Addition of a second metal center sometimes provides 
complexes more amenable for crystal growth than the mononuclear metal complex, and may 
lead to crystals suitable for collecting X-ray crystallographic data.  
A solution of W(CO)6 in THF was photolyzed for 2 h to produce W(CO)5(thf).27 To 
that solution was added an equimolar amount of 1-tBu (eq 3). The in situ IR spectrum shows 
multiple CO absorbances at 1889, 1935, 1987, and 2080 cm-1. The most telling feature of the 
IR spectrum is the blue shift of the lone carbonyl ligand frequency in W(CO)(acac)2(η2-
P≡CtBu) from 1868 cm-1 to 1889 cm-1, indicative of a decrease in electron density at the 
tungsten(II) metal center and decreased backbonding to carbon monoxide. The 
phosphaalkyne ligand now acts as a six electron-donor ligand with four electrons donated to 
the W(II) center and two electrons donated to the W(0) center. 
 
The 1H NMR spectrum shows only a slight, but nonetheless definitive, shift in the 
signals of 2-tBu from 1-tBu. The 31P NMR spectrum displays a significant shift from 322 
ppm to 262 ppm upon coordination of W(CO)5(thf) to the lone pair on phosphorus (Figure 
5.2). The phosphorus atom is now coordinated to two spin-active nuclei. The W(II) center 
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produces tungsten satellites with 1JW-P = 50 Hz, similar to the 69 Hz coupling seen for 1-tBu. 
The W(0) metal center produces satellites with 250 Hz coupling. Additionally, the 
combination of the two spin-active nuclei produces doublet of doublets on either side of the 
W(0) satellites that are not easily distinguishable, but are nonetheless present.  
260.8261.4262.0262.6
f1 (ppm)  
Figure 5.2. 31P NMR spectrum (121 MHz, CD2Cl2) of W(CO)(acac)2(tBuC≡P→W(CO)5) (2-
tBu). 
Addition of W(CO)5(thf) to 1-Ad also leads to coordination of the phosphaalkyne 
ligand to W(CO)5 through the lone pair on phosphorus. The 1H and 31P NMR spectra show 
similar shifts to those seen for 2-tBu. The 13C NMR spectrum of 2-Ad presents slight shifts in 
all the signals. The phosphaalkyne triply bonded carbon atom is shifted most significantly, 
moving to 286 ppm in 2-Ad from 304 ppm in 1-Ad. The two carbon monoxide signals for 
the W(CO)5 moiety (one trans ligand and four cis ligands) both appear as doublets. The less 
intense signal has carbon-phosphorus coupling of 38 Hz and is assigned as the carbon 
monoxide ligand trans to the phosphaalkyne ligand. The second signal has a much smaller 
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two-bond carbon-phosphorus coupling constant of 8 Hz and tungsten satellites are visible 
(1JW-C = 127 Hz), clearly corresponding to the four equivalent cis carbon monoxide ligands. 
To compare the reactivity of the phosphaalkyne complexes with that of an analogous 
nitrile complex, W(CO)(acac)2(η2-N≡CMe) was added to a THF solution of W(CO)5(thf) to 
produce W(CO)(acac)2(MeC≡N→W(CO)5), 3 (eq 4). Only a slight shift occurs in the IR 
spectrum from 1885 cm-1 to 1893 cm-1 so the CO stretching frequency of the W(CO)5 adduct 
is surprisingly similar to that of the phosphaalkyne analog. The 1H NMR spectrum also 
shows a slight shift in the resonances from starting material indicating coordination of 
W(CO)5 through the nitrogen lone pair. 
 
Cleavage of [PtCl2(PEt3)]2 Halide Bridges by W(CO)(acac)2(η2-P≡CR). Many 
amine and phosphine ligands cleave the chloride bridge of the dinuclear complex 
[PtCl2(PEt3)]2 to bind [PtCl2(PEt3)]. Nixon and co-workers have extended this cleavage 
reaction to phosphaalkyne and phosphaalkene ligands.14,28,29 To further probe the reactivity 
of 1-tBu, a slight excess dimeric [PtCl2(PEt3)]2 was added to a solution of 1-tBu in CH2Cl2 
(eq 5). A shift in the single CO absorption in the IR spectrum was seen from 1868 cm-1 to 
1912 cm-1 within 20 minutes, indicating a large decrease in electron density at the tungsten 
center and consistent with production of W(CO)(acac)2(tBuC≡P→PtCl2(PEt3)) (4-tBu). 
The 1H NMR spectrum of 4-tBu shows a definitive shift in the acac methine and 
methyl signals, as well as the presence of new ethyl signals. The 31P NMR spectrum clearly 
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 indicates the presence of two isomers in solution. The phosphaalkyne phosphorus signal 
moves from 322 ppm in 1-tBu to 255 ppm in 4-tBu (Figure 5.3). The PEt3 phosphorus 
resonance appears at 15 ppm with some excess starting material present. For both 
resonances, each isomer is displayed as a doublet with platinum satellites. The phosphorus-
phosphorus coupling forming the doublet is 22 Hz. For the phosphaalkyne signal, the 
platinum-phosphorus coupling is 4060 Hz while the PEt3 signal shows coupling of 3100 Hz. 
 
Figure 5.3. 31P NMR spectrum (162 MHz, CD2Cl2) of cis-
W(CO)(acac)2(tBuC≡P→PtCl2PEt3) (4-tBu) showing signals for two isomers (* indicates 
unreacted starting material). 
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Published examples of [PtCl2(PEt3)]2 addition to phosphaalkyne complexes to form 
the trans-isomer show phosphorus-phosphorus coupling of about 560 Hz and platinum-
phosphorus coupling of 2000-3000 Hz.14 Addition of free phosphaalkene to [PtCl2(PEt3)]2 
produces the cis-isomer with phosphorus-phosphorus coupling of 23 Hz and platinum-
phosphorus coupling of 3300 Hz for the PEt3 signal and 4300 Hz for the phosphaalkene 
complex in the 31P spectrum.28,29 The large coupling of 4300 Hz reflects the large s-character 
of the P orbital that houses the lone pair that bonds to Pt. Based on the coupling constants 
from the 31P NMR and the previous examples of addition of a [PtCl2(PEt3)] fragment to 
phosphaalkyne complexes or phosphaalkenes, the phosphorus ligands in 4-tBu are definitely 
arranged cis to each other in both isomers. The two isomers are therefore likely due to the 
orientation of the phosphaalkyne ligand (eq 5).  
Mixing 1-Ad and [PtCl2(PEt3)]2 in a CH2Cl2 solution produces 
W(CO)(acac)2(AdC≡P→PtCl2PEt3) (eq 5). The 13C NMR spectrum of 4-Ad shows signals 
for both isomers, although assignment of specific resonances of the two isomers is not clear. 
Addition of [PtCl2(PEt3)]2 to W(CO)(acac)2(η2-N≡CMe) also results in cleavage of 
halide bridges in the dimer to form W(CO)(acac)2(MeC≡N→PtCl2(PEt3)) (5) (eq 6). The in 
situ IR spectrum displays a shift in the CO absorbance from 1889 cm-1 to 1924 cm-1, similar 
to the shift seen for synthesis of 4-tBu. The 1H NMR spectrum taken immediately after 
synthesis revealed the presence of one isomer. The PEt3 methyl signal is shown as a doublet 
of triplets with coupling to phosphorus (2JP-H = 17 Hz) and the adjacent methylene protons 
(3JH-H = 8 Hz). The methylene signals may resonate as a doublet of quartets or a more 
complex AB pattern, but the coupling is not resolved due to an overlapping acac methyl 
signal. The lone 31P NMR signal is shown as a singlet with 3530 Hz coupling to platinum. 
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The 13C NMR spectrum shows a shift in the nitrile carbon resonance from 209 ppm to 223 
ppm (1JC-W = 18 Hz). The carbon monoxide signal is shifted only slightly from 238 ppm to 
233 ppm (1JC-W = 171 Hz).  
 
After the NMR sample was stored at room temperature overnight a second isomer 
was evident in both in the 1H and 31P NMR spectra. After 24 h at room temperature, the 
second isomer was the major product. The 1H NMR resonances are slightly shifted from the 
first product. In the 31P NMR spectrum, the signal is shifted by 6 ppm when 5 isomerizes and 
the phosphorus-platinum coupling constant increases by 100 Hz to 3630 Hz. After 5 days at 
room temperature equilibrium was reached and the products were displayed in approximately 
a 4:1 ratio in the NMR spectra with the second product dominating (Figure 5.4). 
What isomers are involved in evolution of the products with times when 5 is formed? 
At least three scenarios are possible for the appearance of second isomer of 5. One scenario 
is rotation of the nitrile ligand so the nitrogen is situated proximal to the carbon monoxide. A 
second possibility is the presence of two cis isomers with the PEt3 ligand exhibiting two 
conformations relative to the nitrile ligand with restricted rotation about the Pt-N bond. A 




 Figure 5.4. 1H NMR spectrum (400 MHz, CD2Cl2) of W(CO)(acac)2(MeC≡N→PtCl2PEt3) 
(5) after 5 days at room temperature. 
Unfortunately, not much definitive information can be gleaned from the magnitude of 
the platinum phosphorus coupling constants as in 4-R. Acetonitrile and chloride ligands 
exhibit similar trans influences with respect to trans phosphine ligands bound to a platinum 
metal center30 so the ligand trans to PEt3 is not indicated by the 1JPt-P value. The 31P NMR 
spectrum for 4-R displays only a slight difference (1 ppm) between the two rotational 
isomers and no difference in the 1JPt-P value while 5 shows a difference of 6 ppm between the 
two isomers and 100 Hz difference in the 1JPt-P value. Additionally, no substituted tungsten 
bis(acac) nitrile-derived complexes exhibit rotation of the nitrile ligand.1,4,20 It is therefore 
unlikely that such rotation is exhibited in 5 as is seen for 4-R. Also, restricted rotation about 
the nitrogen-platinum bond is unlikely, eliminating the possibility of the two cis isomers with 
 128
different orientations relative to the tungsten metal center. It seems likely that a cis/trans 
isomerization is occurring in 5 but not in 4-R. 
Summary 
Addition of phosphaalkyne to W(CO)3(acac)2 produces W(CO)(acac)2(η2-P≡CR) (R 
= tBu, Ad). The lone pair on phosphorus of the π-bound phosphaalkyne is available for 
reactions with Lewis acidic metal complexes; here W(CO)5(thf) and [PtCl2(PEt3)]2 were used 
as reagents. Addition of a halide-bridged platinum(II) dimer results in cleavage of the 
chloride bridge and addition of platinum at phosphorus, resulting in a complex with a cis 
geometry. Addition of the same Lewis acidic metal reagents to W(CO)(acac)2(η2-N≡CMe) 
allows comparison to the analogous phosphaalkyne complexes. The dinuclear platinum 
addition complex initially results in a single isomer, but cis/trans isomerization occurs slowly 
at room temperature. 
Experimental 
General Information. All air- and moisture-sensitive materials were handled using 
Schlenk or glovebox techniques under a dry nitrogen or argon atmosphere, respectively. 
Glassware was oven-dried before use. Methylene chloride and hexanes were purified by 
passage through an activated alumina column under a dry argon atmosphere.31 THF was 
distilled from a sodium ketal suspension. Methylene chloride-d2 was dried over CaH2 and 
degassed. W(CO)3(acac)22 and W(CO)(acac)2(2-N≡CMe)1 were synthesized according to 
literature procedures. W(CO)5(thf) was synthesized by photolysis of W(CO)6 in THF.27 
Professor John Nixon provided tBuC≡P and [PtCl2(PEt3)]2. All other reagents were 
purchased from commercial sources and used without further purification.  
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NMR spectra were recorded on Bruker DRX400, AMX400, or AMX300 
spectrometers. 1H and 13C NMR shifts were referenced to the residual signals of the 
deuterated solvents. Phosphorus chemical shifts were referenced to H3PO4 as an external 
standard. Infrared spectra were recorded on an ASI Applied Systems React IR 1000 FT-IR 
spectrometer.  
W(CO)(acac)2(2-P≡CtBu) (1-tBu). W(CO)3(acac)2 (0.285 g, 0.611 mmol) was 
dissolved in CH2Cl2 (45 mL) in a 200-mL Schlenk flask. To the brown solution was added 
tBuC≡P. The solution was stirred for 1.5 h with no color change. At this point in situ IR 
spectroscopy revealed a single CO absorbance at 1868 cm-1. The product was concentrated 
and triturated with hexanes to yield a brown powder (0.276 g, 0.541 mmol, 88%). 1H NMR 
(CD2Cl2, 298 K, δ): 5.62, 5.45 (s, 1H, acac CH) 2.19, 2.15, 1.94, 1.83 (s, 3H, acac CH3), 1.52 
(s, 9H, C(CH3)3). 31P NMR (CD2Cl2, 298 K, δ): 321.8 (C≡P, 1JP-W = 69 Hz). 13C{1H} NMR 
(CD2Cl2, 298 K, δ): 304.5 (d, C≡P, 1JP-C = 113 Hz), 245.2 (d, C≡O, 2JP-C = 45 Hz), 194.1, 
188.6, 188.4, 187.0 (acac CO), 101.9, 99.4 (acac CH), 46.2 (C(CH3)3), 35.1 (d, C(CH3)3, 3JP-
C = 4 Hz), 28.0, 26.9, 26.2, 25.7 (acac CH3). 
W(CO)(acac)2(2-P≡CAd) (1-Ad). A Schlenk flask was charged with 
W(CO3)(acac)2 (0.396 g, 0.850 mmol) and AdC≡P (0.151 g, 0.847 mmol). The mixture was 
dissolved in CH2Cl2 and stirred for 18 h at 35 °C. In situ IR spectroscopy revealed a single 
absorbance at 1866 cm-1. The product was concentrated and triturated with hexanes to yield a 
brown powder (0.333 g, 0.566 mmol, 67%). 1H NMR (CD2Cl2, 298 K, δ): 5.63, 5.44 (s, 1H, 
acac CH), 2.22, 2.16, 1.94, 1.83 (s, 3H, acac CH3), 2.13, 2.01, 1.98, 1.78 (s, 6H:2H:2H:5H, 
Ad CH) .31P{1H} NMR (CD2Cl2, 298 K, δ): 324.7 (1JP-W = 68 Hz). 13C{1H} NMR (CD2Cl2, 
298 K, δ): 304.1 (d, C≡P, 1JP-C = 112 Hz), 245.4 (d, C≡O, 2JP-C = 46 Hz), 194.0, 188.6, 188.4, 
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187.0 (acac CO), 102.0, 99.4 (acac CH), 47.7 (d, 2JP-C = 3.3 Hz, Ad C-C≡P), 48.9, 37.2, 30.2 
(s, Ad C), 28.0, 26.9, 26.2, 25.7 (acac CH3).  
W(CO)(acac)2(tBuC≡P→W(CO)5) (2-tBu). A sample of W(CO)5(thf) was freshly 
prepared from W(CO)6 (0.100 g, 0.28 mmol). To that was added W(acac)2(CO)(2-P≡CtBu) 
(0.055g, 0.107 mmol). The solution was stirred for 2.5 hr to yield a brown product. 1H NMR 
(CD2Cl2, 298 K, δ): 5.67, 5.51 (s, 1H, acac CH), 2.19, 2.15, 1.92, 1.82 (s, 3H, acac CH3), 
1.52 (s, 9H, C(CH3)3). 31P{1H} NMR (CD2Cl2, 298 K, δ): 263.2 (C≡P, 1JP-W(A) = 50 Hz, 1JP-
W(B) = 250 Hz). 
W(CO)(acac)2(AdC≡P→W(CO)5) (2-Ad). A sample of W(CO)5(thf) was freshly 
prepared from W(CO)6 (0.024 g, 0.068 mmol). To that was added W(acac)2(CO)(2-P≡CAd) 
(0.040 g, 0.068 mmol). The solution was stirred for 2.5 hr to yield a brown powder. IR 
(THF): νCO = 1885, 1931, 1960, 2080 cm-1. 1H NMR (CD2Cl2, 298 K, δ): 5.68, 5.51 (s, 1H, 
acac CH), 2.23, 2.15, 2.04, 1.92 (s, 3H, acac CH3), 1.78-2.25 (Ad CH). 31P{1H} NMR 
(CD2Cl2, 298 K, δ): 264.0 (C≡P, 1JP-W(A) = 51 Hz, 1JP-W(B) = 250 Hz). 13C{1H} NMR 
(CD2Cl2, 298 K, δ): 286.2 (d, C≡P, 1JP-C = 72 Hz), 241.7 (d, C≡O, 2JP-C = 62 Hz), 201.7 (d, 
trans W(CO)5, 2JP-C = 38 Hz), 195.0 (d, cis W(CO)5, 2JP-C = 8 Hz, 1JW-C = 127 Hz), 193.6, 
189.1, 188.5, 187.9 (acac CO), 102.4, 99.8 (acac CH), 46.2 (d, 2JP-C = 6 Hz, Ad C-C≡P), 
37.0, 29.9 (s, Ad C), 27.9, 26.7, 26.5, 25.8 (acac CH3). 
W(CO)(acac)2(MeC≡N→W(CO)5) (3). W(CO)5(thf) was freshly prepared from 
W(CO)6 (0.048 g, 0.136 mmol). The solution was transferred to a flask with 
W(acac)2(CO)(2-N≡CMe) (0.030 g, 0.066 mmol). An IR spectrum after 5 min showed a 
slight shift in the starting material absorbance from 1885 cm-1 to 1893 cm-1. No additional 
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change was noted after 1.5 h. IR (THF): νCO = 1893, 1930, 1976 cm-1. 1H NMR (CD2Cl2, 298 
K, δ): 5.76, 5.55 (s, 1H, acac CH), 2.29, 2.26, 2,18, 2.00 (s, 3H, acac CH3).  
cis-W(CO)(acac)2(tBuC≡P→PtCl2PEt3) (4-tBu). A sample of W(acac)2(CO)(2-
P≡CtBu) (0.035 g, 0.069 mmol) was added to a Schlenk flask and dissolved in CH2Cl2 (~15 
mL). [PtCl2(PEt3)]2 (0.030 g, 0.035 mmol) was added to the flask under a backflow of N2. 
After 20 min in situ IR spectroscopy showed one CO absorbance at 1912 cm-1. The solvent 
was reduced and the product was triturated with hexanes to yield a brown powder (0.015g, 
0.017 mmol, 25%). 1H NMR (CD2Cl2, 298 K, δ): 5.72, 5.59 (s, 1H, acac CH), 1.49 (s, 9H, 
C(CH3)3); all peaks not resolved. 31P{1H} NMR (CD2Cl2, 298 K, δ, major isomer): 255.0 (d, 
C≡P, 2JP-P = 21 Hz, 1JPt-P = 4065 Hz), 16.1 (d, PEt3, 2JP-P = 21 Hz, 1JPt-P = 3105 Hz). 31P{1H} 
NMR (CD2Cl2, 298 K, δ, minor isomer): 253.0 (d, C≡P, 2JP-P = 21 Hz, 1JPt-P = 4065 Hz), 15.1 
(d, PEt3, 2JP-P = 21 Hz, 1JPt-P = 3105 Hz). 
cis-W(CO)(acac)2(AdC≡P→PtCl2PEt3) (4-Ad). A sample of W(acac)2(CO)(2-
P≡CAd) (0.050 g, 0.085 mmol) was added to a Schlenk flask and dissolved in CH2Cl2 (~15 
mL). [PtCl2(PEt3)]2 (0.047 g, 0.044 mmol) was added to the flask under a backflow of N2. 
After 3 h in situ IR spectroscopy showed one CO absorbance at 1910 cm-1. 1H NMR 
(CD2Cl2, 298 K, δ): 5.73, 5.58 (s, 1H, acac CH), 2.20, 2.15, 1.98, 1.93 (s, 3H, acac CH3), 
1.75-2.20 (Ad CH), 1.7-1.9 (m, 6H, P(CH2CH3)3), 1.15 (dt, 9H, P(CH2CH3)3). 31P{1H} NMR 
(CD2Cl2, 298 K, δ, major isomer): 257.4 (d, C≡P, 2JP-P = 23 Hz, 1JPt-P = 4084 Hz), 16.0 (d, 
PEt3, 2JP-P = 23 Hz, 1JPt-P = 3128 Hz). 31P{1H} NMR (CD2Cl2, 298 K, δ, minor isomer): 
255.8 (d, C≡P), 15.1 (d, PEt3, 2JP-P = 18 Hz). 13C{1H} NMR (CD2Cl2, 298 K, δ, major 
isomer): 267.5 (C≡P), 235.9 (C≡O), 194.2, 190.4, 188.3, 188.0 (acac CO), 102.7, 100.0 (acac 
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CH), 46.1 (d, 2JP-C = 8 Hz, Ad C-C≡P), 36.9, 29.8 (s, Ad C), 25-30 (acac CH3), 16.8 (d, 
P(CH2CH3)3, 1JP-C = 39 Hz), 8.4 (P(CH2CH3)3). 
W(CO)(acac)2(MeC≡N→PtCl2PEt3) (5). A Schlenk flask was charged with 
W(acac)2(CO)(2-N≡CMe) (0.035 g, 0.078 mmol) in the dry box. CH2Cl2 (~20 mL) was 
added followed by [PtCl2(PEt3)]2 (0.033, 0.043 mmol) under a backflow of CH2Cl2. The 
solution was stirred for 15 min and in situ IR spectroscopy showed a single absorbance at 
1924 cm-1. The sample was triturated with hexanes to yield a brown powder (0.048 g, 0.057 
mmol, 74%). 1H NMR (CD2Cl2, 298 K, δ, first product): 5.78, 5.68 (s, 1H, acac CH), 3.83 (s, 
3H, CH3C≡N), 2.33, 2.30, 2.26, 1.92 (s, 3H, acac CH3), 1.84-1.91 (m, 6H, P(CH2CH3)3), 
1.21 (dt, 9H, P(CH2CH3)3, 2JP-H = 17 Hz, 3JH-H = 8 Hz). 31P{1H} NMR (CD2Cl2, 298 K, δ, 
first product): 1.6 (1JP-W = 3530 Hz). 13C{1H} NMR (CD2Cl2, 298 K, δ, first product): 233.4 
(C≡O, 2JW-C = 170 Hz), 233.1 (CH3CN, 2JPt-C = 18 Hz), 197.0, 190.3, 188.6, 185.4 (acac 
CO), 104.3, 100.8 (acac CH), 28.3, 26.3, 26.0, 25.8 (acac CH3), 22.7 (CH3C≡N), 14.2 (d, 
P(CH2CH3)3, 1JP-C = 39 Hz), 7.8 (d, P(CH2CH3)3, 2JP-C = 3 Hz). 1H NMR (CD2Cl2, 298 K, δ, 
second product): 5.86, 5.72 (s, 1H, acac CH), 3.72 (s, 3H, CH3C≡N), 2.32, 2.28, 2.00 (s, 
6H:3H:3H, acac CH3), 1.68-1.88 (m, 6H, P(CH2CH3)3), 1.14 (dt, 9H, P(CH2CH3)3). 31P{1H} 
NMR (CD2Cl2, 298 K, δ, second product): 7.8 (1JP-W = 3630 Hz). 
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Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
[W(CNAr)(η2-MeN=CPh)(acac)2][BAr′4] (Chapter 2, 6c[BAr′4]).  U(eq) is defined as one 
third of the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
W(1) 9281(1) 9018(1) 2835(1) 34(1) 
C(1) 10412(13) 7389(13) 4149(7) 81(5) 
N(2) 10218(7) 8028(7) 3455(5) 45(2) 
C(3) 10796(8) 8254(9) 2850(6) 44(3) 
C(4) 11932(8) 7917(11) 2613(7) 65(4) 
C(5) 10018(8) 9547(8) 1858(6) 40(2) 
N(6) 10418(6) 9849(7) 1302(5) 39(2) 
C(7) 10784(8) 10284(9) 615(5) 41(3) 
C(8) 10276(10) 11270(10) 309(6) 56(3) 
C(9) 10653(13) 11704(14) -361(7) 79(5) 
C(10) 11489(17) 11163(18) -700(8) 96(6) 
C(11) 11976(15) 10178(17) -390(9) 102(7) 
C(12) 11637(11) 9717(12) 283(8) 74(4) 
C(13) 9357(12) 11866(13) 717(8) 91(5) 
C(14) 12186(14) 8650(13) 653(11) 126(8) 
O(15) 8008(5) 9999(5) 2421(3) 37(2) 
C(16) 7685(8) 11017(9) 2355(6) 44(3) 
C(17) 8124(10) 11676(9) 2613(6) 54(3) 
C(18) 8975(10) 11308(9) 3018(6) 48(3) 
O(19) 9441(6) 10339(6) 3140(3) 42(2) 
C(20) 6754(9) 11441(10) 1973(6) 58(3) 
C(21) 9393(12) 12056(11) 3345(8) 72(4) 
O(22) 8715(5) 7918(5) 2506(3) 36(2) 
C(23) 7972(7) 7379(8) 2815(5) 35(2) 
C(24) 7438(8) 7447(9) 3458(6) 45(3) 
C(25) 7548(8) 8121(8) 3890(5) 39(2) 
O(26) 8161(5) 8785(6) 3723(3) 41(2) 
C(27) 7758(9) 6626(9) 2414(6) 47(3) 
C(28) 6868(10) 8072(9) 4579(6) 55(3) 
B(30) 5283(8) 5086(8) 7478(6) 29(2) 
C(31) 4700(7) 5886(7) 6853(5) 28(2) 
C(32) 3972(7) 5602(8) 6518(5) 34(2) 
C(33) 3416(7) 6325(8) 6018(5) 34(2) 
C(34) 3578(8) 7387(8) 5840(6) 42(3) 
C(35) 4306(8) 7686(8) 6153(5) 37(2) 
C(36) 4824(7) 6962(8) 6655(5) 35(2) 
C(37) 2683(10) 5954(10) 5676(7) 54(3) 
C(38) 4498(8) 8806(8) 5960(5) 40(2) 
F(31) 3189(7) 5314(8) 5260(5) 106(3) 
F(32) 2012(6) 5383(6) 6130(4) 76(2) 
F(33) 2050(6) 6725(6) 5305(4) 69(2) 
F(34) 3984(6) 9397(5) 6414(4) 67(2) 
F(35) 4217(6) 9307(5) 5349(4) 65(2) 
F(36) 5512(5) 8863(5) 5931(4) 57(2) 
C(41) 6547(7) 5141(7) 7371(5) 33(2) 
C(42) 7107(7) 5486(8) 6737(5) 38(2) 
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C(43) 8212(8) 5433(9) 6634(6) 43(3) 
C(44) 8789(8) 5022(9) 7179(6) 46(3) 
C(45) 8250(8) 4680(8) 7831(5) 37(2) 
C(46) 7156(7) 4711(8) 7919(5) 32(2) 
C(47) 8778(9) 5824(12) 5932(7) 61(4) 
C(48) 8884(9) 4187(11) 8411(6) 52(3) 
F(41) 8355(6) 5659(8) 5419(4) 86(3) 
F(42) 8765(9) 6866(8) 5801(5) 108(3) 
F(43) 9781(6) 5386(9) 5838(4) 116(4) 
F(44) 9611(7) 4701(9) 8443(5) 111(4) 
F(45) 9426(7) 3208(8) 8334(4) 93(3) 
F(46) 8304(5) 4034(7) 9018(3) 67(2) 
C(51) 5260(7) 3843(7) 7482(5) 33(2) 
C(52) 5498(7) 3444(7) 6878(5) 32(2) 
C(53) 5480(8) 2390(8) 6856(6) 40(3) 
C(54) 5227(8) 1696(9) 7451(6) 47(3) 
C(55) 5025(8) 2031(8) 8078(6) 42(3) 
C(56) 5026(7) 3102(8) 8086(5) 37(2) 
C(57) 5758(10) 2037(10) 6170(7) 58(3) 
C(58) 4763(12) 1279(11) 8733(8) 65(4) 
F(51) 6793(6) 1991(7) 5950(4) 77(2) 
F(52) 5525(6) 1106(6) 6192(4) 72(2) 
F(53) 5264(6) 2743(6) 5677(3) 64(2) 
F(54) 5591(10) 848(12) 9061(7) 179(7) 
F(55) 4392(10) 476(7) 8668(5) 123(4) 
F(56) 4105(11) 1714(7) 9202(5) 128(5) 
C(61) 4634(7) 5417(7) 8194(5) 30(2) 
C(62) 3590(7) 5232(8) 8372(5) 33(2) 
C(63) 2956(8) 5477(8) 8946(6) 39(2) 
C(64) 3323(9) 5957(9) 9394(6) 45(3) 
C(65) 4334(7) 6164(7) 9225(5) 33(2) 
C(66) 4966(7) 5909(7) 8649(5) 30(2) 
C(67) 1860(9) 5225(10) 9097(6) 52(3) 
C(68) 4742(8) 6711(9) 9689(6) 42(3) 
F(61) 1850(6) 4209(6) 9095(4) 75(2) 
F(62) 1269(5) 5782(7) 8591(4) 73(2) 
F(63) 1323(5) 5433(7) 9685(4) 72(2) 
F(64) 4605(5) 7779(5) 9451(3) 55(2) 
F(65) 4250(6) 6579(6) 10326(3) 61(2) 
F(66) 5758(5) 6401(6) 9729(4) 60(2) 
O(71) 0 10000 5000 85(4) 
C(72) 966(14) 9650(20) 4706(17) 88(7) 
C(73) 1886(16) 10137(18) 4669(12) 135(8) 
O(74) 0 10000 5000 85(4) 
C(75) 773(16) 10520(20) 4967(18) 88(7) 
C(76) 1886(16) 10137(18) 4669(12) 135(8) 
________________________________________________________________________________
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W(1)-N(2)  1.963(9) 
W(1)-O(19)  2.019(7) 
W(1)-O(22)  2.020(7) 
W(1)-C(3)  2.027(11) 
W(1)-O(15)  2.051(7) 
W(1)-C(5)  2.064(12) 
W(1)-O(26)  2.111(7) 
C(1)-N(2)  1.484(15) 
N(2)-C(3)  1.323(14) 
C(3)-C(4)  1.485(14) 
C(5)-N(6)  1.166(13) 
N(6)-C(7)  1.407(13) 
C(7)-C(12)  1.368(16) 
C(7)-C(8)  1.383(16) 
C(8)-C(9)  1.382(17) 
C(8)-C(13)  1.516(19) 
C(9)-C(10)  1.35(2) 
C(10)-C(11)  1.37(3) 
C(11)-C(12)  1.39(2) 
C(12)-C(14)  1.52(2) 
O(15)-C(16)  1.298(12) 
C(16)-C(17)  1.356(17) 
C(16)-C(20)  1.488(16) 
C(17)-C(18)  1.424(18) 
C(18)-O(19)  1.279(13) 
C(18)-C(21)  1.520(16) 
O(22)-C(23)  1.304(11) 
C(23)-C(24)  1.370(14) 
C(23)-C(27)  1.497(14) 
C(24)-C(25)  1.410(15) 
C(25)-O(26)  1.252(12) 
C(25)-C(28)  1.506(14) 
B(30)-C(31)  1.627(14) 
B(30)-C(51)  1.632(14) 
B(30)-C(41)  1.639(14) 
B(30)-C(61)  1.639(14) 
C(31)-C(32)  1.400(13) 
C(31)-C(36)  1.409(14) 
C(32)-C(33)  1.401(13) 
C(33)-C(34)  1.405(14) 
C(33)-C(37)  1.476(15) 
C(34)-C(35)  1.382(15) 
C(35)-C(36)  1.380(14) 
C(35)-C(38)  1.490(14) 
C(37)-F(31)  1.319(14) 
C(37)-F(33)  1.334(13) 
C(37)-F(32)  1.356(14) 
C(38)-F(35)  1.324(12) 
C(38)-F(36)  1.330(12) 
C(38)-F(34)  1.335(12) 
C(41)-C(42)  1.384(14) 
C(41)-C(46)  1.409(14) 
C(42)-C(43)  1.410(13) 
C(43)-C(44)  1.376(15) 
C(43)-C(47)  1.505(15) 
C(44)-C(45)  1.398(14) 
C(45)-C(46)  1.401(13) 
C(45)-C(48)  1.488(15) 
C(47)-F(43)  1.317(14) 
C(47)-F(41)  1.322(16) 
C(47)-F(42)  1.327(16) 
C(48)-F(44)  1.285(14) 
C(48)-F(46)  1.318(13) 
C(48)-F(45)  1.362(14) 
C(51)-C(52)  1.390(13) 
C(51)-C(56)  1.401(14) 
C(52)-C(53)  1.395(14) 
C(53)-C(54)  1.362(15) 
C(53)-C(57)  1.514(16) 
C(54)-C(55)  1.391(16) 
C(55)-C(56)  1.407(14) 
C(55)-C(58)  1.486(17) 
C(57)-F(52)  1.304(14) 
C(57)-F(51)  1.341(14) 
C(57)-F(53)  1.343(14) 
C(58)-F(55)  1.283(15) 
C(58)-F(56)  1.311(16) 
C(58)-F(54)  1.319(17) 
C(61)-C(66)  1.396(13) 
C(61)-C(62)  1.403(13) 
C(62)-C(63)  1.360(13) 
C(63)-C(64)  1.396(15) 
C(63)-C(67)  1.498(15) 
C(64)-C(65)  1.371(14) 
C(65)-C(66)  1.365(13) 
C(65)-C(68)  1.511(14) 
C(67)-F(63)  1.320(12) 
C(67)-F(61)  1.335(13) 
C(67)-F(62)  1.361(15) 
C(68)-F(66)  1.314(12) 
C(68)-F(65)  1.320(12) 
C(68)-F(64)  1.356(12) 
O(71)-C(72)  1.337(17) 
O(71)-C(72)#1  1.337(17) 







































































































































































Symmetry transformations used to generate equivalent atoms:  




Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 
for W(η2-PhC≡CH)(η2-MeN=CPh)(acac)2][BAr4'] (Chapter 2, 10a[BAr′4]).  U(eq) is defined 
as one third of the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
W(1) 1707(1) 4950(1) 2219(1) 44(1) 
C(1) -113(9) 5676(11) 3194(9) 121(5) 
N(2) 814(7) 5398(6) 3022(5) 66(2) 
C(3) 1662(8) 5321(6) 3433(5) 61(2) 
C(4) 2051(9) 5470(7) 4293(5) 68(3) 
C(5) 2941(9) 5113(10) 4493(7) 90(4) 
C(6) 3317(11) 5195(13) 5286(8) 121(6) 
C(7) 2782(15) 5633(13) 5875(8) 127(7) 
C(8) 1903(16) 6035(10) 5712(7) 122(6) 
C(9) 1526(12) 5926(8) 4902(6) 96(4) 
C(10) 2055(6) 6356(6) 2202(5) 45(2) 
C(11) 2909(6) 6325(6) 2660(4) 43(2) 
C(12) 3979(6) 6921(5) 3129(4) 38(2) 
C(13) 4682(6) 6568(6) 3577(5) 43(2) 
C(14) 5710(7) 7148(6) 4012(5) 49(2) 
C(15) 6075(7) 8111(6) 4022(5) 49(2) 
C(16) 5401(7) 8490(6) 3596(5) 53(2) 
C(17) 4363(7) 7913(6) 3152(5) 46(2) 
O(18) 3026(5) 4410(4) 2580(4) 73(2) 
C(19) 3578(9) 3854(7) 2111(7) 82(3) 
C(20) 3442(9) 3547(9) 1243(7) 82(3) 
C(21) 2670(9) 3796(7) 766(6) 67(3) 
O(22) 2059(4) 4314(4) 1098(4) 52(1) 
C(23) 4352(12) 3518(10) 2634(8) 143(7) 
C(24) 2555(8) 3432(7) -121(5) 63(2) 
O(25) 988(5) 3419(4) 1924(3) 52(1) 
C(26) 261(9) 2772(8) 1353(7) 73(3) 
C(27) -420(9) 3011(9) 781(7) 82(3) 
C(28) -349(9) 4052(9) 839(7) 87(4) 
O(29) 290(4) 4837(4) 1383(3) 45(1) 
C(30) 70(7) 1655(6) 1261(6) 59(2) 
C(31) -1149(8) 4192(8) 205(6) 81(3) 
B(40) 7606(6) 9963(6) 2384(5) 31(2) 
C(41) 7021(6) 8720(5) 2081(4) 33(2) 
C(42) 7491(6) 8079(5) 2376(4) 39(2) 
C(43) 6950(8) 7062(6) 2181(4) 49(2) 
C(44) 5914(8) 6646(6) 1684(4) 52(2) 
C(45) 5416(7) 7266(6) 1397(4) 45(2) 
C(46) 5953(6) 8278(5) 1595(4) 34(2) 
C(47) 7527(11) 6413(8) 2486(5) 76(3) 
C(48) 4295(7) 6821(7) 833(5) 56(2) 
F(41) 8142(5) 6915(4) 3247(3) 74(2) 
F(42) 8111(8) 5979(6) 1993(4) 146(4) 
F(43) 6836(8) 5614(5) 2520(4) 130(3) 
F(44) 3726(5) 6069(4) 956(4) 94(2) 
F(45) 4327(5) 6381(7) 43(3) 122(3) 
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F(46) 3721(4) 7514(4) 900(4) 77(2) 
C(51) 7192(5) 10533(5) 3210(4) 30(2) 
C(52) 7708(6) 10649(5) 4006(4) 34(2) 
C(53) 7316(6) 11062(5) 4699(4) 37(2) 
C(54) 6362(6) 11382(5) 4632(4) 40(2) 
C(55) 5820(6) 11256(5) 3842(4) 36(2) 
C(56) 6231(5) 10852(5) 3165(4) 35(2) 
C(57) 7923(7) 11193(6) 5525(5) 48(2) 
C(58) 4773(6) 11560(6) 3762(5) 45(2) 
F(51) 8665(8) 10751(10) 5517(4) 193(6) 
F(52) 7316(7) 10824(8) 5913(5) 137(3) 
F(53) 8282(8) 12131(5) 6056(4) 153(4) 
F(54) 4038(4) 11039(5) 3999(4) 79(2) 
F(55) 4865(4) 12549(4) 4221(3) 67(1) 
F(56) 4295(4) 11373(5) 2983(3) 84(2) 
C(61) 7273(5) 10390(5) 1676(4) 30(1) 
C(62) 7369(5) 11457(5) 1917(4) 33(2) 
C(63) 7160(6) 11873(5) 1338(4) 42(2) 
C(64) 6842(6) 11255(6) 497(4) 41(2) 
C(65) 6741(5) 10196(5) 242(4) 32(2) 
C(66) 6969(5) 9784(5) 824(4) 28(1) 
C(67) 7251(10) 13022(7) 1647(6) 68(3) 
C(68) 6394(6) 9495(6) -662(4) 43(2) 
F(61) 8110(5) 13576(3) 2280(3) 76(2) 
F(62) 6410(6) 13252(5) 1945(5) 119(3) 
F(63) 7289(9) 13379(4) 1089(4) 144(4) 
F(64) 6023(7) 9938(4) -1134(3) 108(3) 
F(65) 5624(5) 8660(4) -835(3) 74(2) 
F(66) 7185(5) 9128(5) -945(3) 95(2) 
C(71) 8926(5) 10187(5) 2589(4) 34(2) 
C(72) 9445(6) 9510(6) 2099(5) 44(2) 
C(73) 10565(6) 9732(7) 2252(6) 57(2) 
C(74) 11204(6) 10639(6) 2880(5) 53(2) 
C(75) 10730(6) 11344(6) 3357(5) 43(2) 
C(76) 9601(5) 11106(5) 3217(4) 37(2) 
C(77) 11058(8) 8981(10) 1704(10) 109(6) 
C(78) 11395(7) 12320(7) 4046(6) 65(3) 
F(71) 11052(7) 9091(7) 1003(6) 156(4) 
F(72) 10521(5) 8007(5) 1425(7) 169(5) 
F(73) 12089(5) 9088(6) 2013(6) 150(4) 
F(74) 12393(4) 12591(4) 4004(4) 95(2) 
F(75) 11505(7) 12275(6) 4789(4) 137(3) 
F(76) 10977(4) 13111(4) 4120(5) 105(3) 
________________________________________________________________________________
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Bond lengths [Å] and angles [°] for W(η2-PhC≡CH)(η2-MeN=CPh)(acac)2][BAr4'] (Chapter 
2, 10a[BAr′4]).   
____________________________________________________________________________________________  
 
W(1)-N(2)  1.990(8) 
W(1)-C(10)  2.008(8) 
W(1)-O(22)  2.041(6) 
W(1)-C(3)  2.052(9) 
W(1)-O(25)  2.064(5) 
W(1)-C(11)  2.082(8) 
W(1)-O(18)  2.101(5) 
W(1)-O(29)  2.110(5) 
C(1)-N(2)  1.379(13) 
N(2)-C(3)  1.264(12) 
C(3)-C(4)  1.461(12) 
C(4)-C(5)  1.389(16) 
C(4)-C(9)  1.399(15) 
C(5)-C(6)  1.377(14) 
C(6)-C(7)  1.38(2) 
C(7)-C(8)  1.40(2) 
C(8)-C(9)  1.392(16) 
C(10)-C(11)  1.282(10) 
C(11)-C(12)  1.427(10) 
C(12)-C(13)  1.398(10) 
C(12)-C(17)  1.411(10) 
C(13)-C(14)  1.368(10) 
C(14)-C(15)  1.376(11) 
C(15)-C(16)  1.376(12) 
C(16)-C(17)  1.381(11) 
O(18)-C(19)  1.326(13) 
C(19)-C(20)  1.420(15) 
C(19)-C(23)  1.519(13) 
C(20)-C(21)  1.390(14) 
C(21)-O(22)  1.252(11) 
C(21)-C(24)  1.449(13) 
O(25)-C(26)  1.212(11) 
C(26)-C(27)  1.420(15) 
C(26)-C(30)  1.522(13) 
C(27)-C(28)  1.446(15) 
C(28)-O(29)  1.225(11) 
C(28)-C(31)  1.503(13) 
B(40)-C(61)  1.633(10) 
B(40)-C(51)  1.633(10) 
B(40)-C(71)  1.639(10) 
B(40)-C(41)  1.655(10) 
C(41)-C(42)  1.397(9) 
C(41)-C(46)  1.402(9) 
C(42)-C(43)  1.392(10) 
C(43)-C(44)  1.373(12) 
C(43)-C(47)  1.487(12) 
C(44)-C(45)  1.381(11) 
C(45)-C(46)  1.384(10) 
C(45)-C(48)  1.503(11) 
C(47)-F(41)  1.313(11) 
C(47)-F(42)  1.313(12) 
 
C(47)-F(43)  1.360(13) 
C(48)-F(44)  1.314(9) 
C(48)-F(46)  1.326(11) 
C(48)-F(45)  1.330(10) 
C(51)-C(56)  1.401(9) 
C(51)-C(52)  1.405(9) 
C(52)-C(53)  1.385(10) 
C(53)-C(54)  1.396(10) 
C(53)-C(57)  1.483(10) 
C(54)-C(55)  1.401(10) 
C(55)-C(56)  1.377(10) 
C(55)-C(58)  1.499(10) 
C(57)-F(51)  1.242(10) 
C(57)-F(53)  1.272(10) 
C(57)-F(52)  1.306(10) 
C(58)-F(55)  1.322(9) 
C(58)-F(56)  1.334(9) 
C(58)-F(54)  1.335(9) 
C(61)-C(66)  1.391(9) 
C(61)-C(62)  1.406(9) 
C(62)-C(63)  1.392(10) 
C(63)-C(64)  1.378(10) 
C(63)-C(67)  1.509(11) 
C(64)-C(65)  1.392(10) 
C(65)-C(66)  1.395(9) 
C(65)-C(68)  1.492(9) 
C(67)-F(63)  1.286(11) 
C(67)-F(61)  1.328(11) 
C(67)-F(62)  1.333(12) 
C(68)-F(64)  1.313(9) 
C(68)-F(65)  1.321(9) 
C(68)-F(66)  1.323(9) 
C(71)-C(76)  1.395(9) 
C(71)-C(72)  1.399(10) 
C(72)-C(73)  1.392(10) 
C(73)-C(74)  1.370(11) 
C(73)-C(77)  1.483(12) 
C(74)-C(75)  1.372(11) 
C(75)-C(76)  1.404(10) 
C(75)-C(78)  1.475(11) 
C(77)-F(72)  1.313(14) 
C(77)-F(73)  1.319(13) 
C(77)-F(71)  1.323(19) 
C(78)-F(74)  1.312(10) 
C(78)-F(76)  1.314(11) 





















































































































































































Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 
for [W(η2-MeC≡CMe)(η2-MeN=C(PMe3)Ph)(acac)2][BAr′4] (Chapter 2, 11[BAr′4]).  U(eq) 
is defined as one third of the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
W(1) 9262(1) 2112(1) 251(1) 22(1) 
W(2) 8843(2) 2535(2) -189(1) 22(1) 
P(1) 6948(1) 3089(1) 41(1) 38(1) 
C(1) 10628(4) 1157(2) 1210(2) 41(1) 
C(2) 10230(3) 1804(2) 927(2) 30(1) 
C(3) 10260(3) 2473(2) 908(2) 30(1) 
C(4) 10742(3) 3100(2) 1185(2) 39(1) 
C(5) 7386(5) 1508(3) 871(3) 84(2) 
N(6) 7954(3) 2002(2) 565(2) 34(1) 
C(7) 7962(3) 2732(2) 534(2) 29(1) 
C(8) 8152(3) 3198(3) 1024(2) 42(1) 
C(9) 8471(5) 3878(3) 961(3) 67(2) 
C(10) 8629(6) 4333(4) 1396(4) 103(3) 
C(11) 8485(7) 4111(6) 1893(4) 129(5) 
C(12) 8148(6) 3425(7) 1977(3) 116(4) 
C(13) 7988(4) 2971(4) 1538(2) 68(2) 
C(14) 6153(4) 2385(3) -258(2) 46(1) 
C(15) 7420(4) 3591(3) -494(2) 51(1) 
C(16) 6075(4) 3654(3) 368(2) 59(2) 
O(17) 9036(2) 1013(2) 217(1) 34(1) 
C(18) 8582(3) 647(2) -169(2) 38(1) 
C(19) 8205(4) 890(2) -683(2) 43(1) 
C(20) 8175(3) 1579(3) -857(2) 38(1) 
O(21) 8495(2) 2103(2) -555(1) 31(1) 
C(22) 8459(4) -110(2) -31(2) 51(1) 
C(23) 7717(4) 1757(3) -1414(2) 50(1) 
O(24) 10473(2) 1765(2) -193(1) 33(1) 
C(25) 11089(3) 2098(2) -476(2) 34(1) 
C(26) 11069(4) 2807(3) -562(2) 49(1) 
C(27) 10353(3) 3269(2) -362(2) 37(1) 
O(28) 9657(2) 3102(2) -51(1) 33(1) 
C(29) 11850(4) 1647(3) -744(2) 53(1) 
C(30) 10348(4) 4026(3) -521(2) 58(1) 
B(40) 3927(3) 3174(2) 2562(2) 21(1) 
C(41) 2685(3) 3248(2) 2677(1) 20(1) 
C(42) 2008(3) 2670(2) 2643(1) 24(1) 
C(43) 962(3) 2717(2) 2749(2) 30(1) 
C(44) 535(3) 3359(2) 2869(2) 34(1) 
C(45) 1172(3) 3947(2) 2878(2) 30(1) 
C(46) 2228(3) 3892(2) 2787(1) 24(1) 
C(47) 291(3) 2069(2) 2738(2) 41(1) 
C(48) 750(3) 4650(2) 3003(2) 43(1) 
C(51) 4446(3) 2456(2) 2840(1) 20(1) 
C(52) 4035(3) 2122(2) 3274(1) 22(1) 
C(53) 4457(3) 1507(2) 3505(1) 23(1) 
C(54) 5331(3) 1199(2) 3314(2) 26(1) 
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C(55) 5784(3) 1531(2) 2900(2) 26(1) 
C(56) 5359(3) 2151(2) 2673(2) 23(1) 
C(57) 3918(3) 1178(2) 3952(2) 31(1) 
C(58) 6735(4) 1209(2) 2690(2) 44(1) 
C(61) 3867(3) 3167(2) 1897(1) 20(1) 
C(62) 3917(3) 2556(2) 1590(1) 22(1) 
C(63) 3720(3) 2557(2) 1026(1) 23(1) 
C(64) 3439(3) 3164(2) 743(2) 26(1) 
C(65) 3382(3) 3775(2) 1038(2) 24(1) 
C(66) 3591(3) 3777(2) 1601(1) 22(1) 
C(67) 3783(3) 1876(2) 730(2) 31(1) 
C(68) 3065(4) 4436(2) 744(2) 36(1) 
C(71) 4618(3) 3823(2) 2850(1) 19(1) 
C(72) 5338(3) 4245(2) 2607(1) 20(1) 
C(73) 5895(3) 4781(2) 2894(1) 19(1) 
C(74) 5769(3) 4909(2) 3432(1) 21(1) 
C(75) 5082(3) 4489(2) 3685(1) 21(1) 
C(76) 4525(3) 3959(2) 3398(1) 21(1) 
C(77) 6667(3) 5230(2) 2639(2) 25(1) 
C(78) 4898(3) 4623(2) 4260(2) 28(1) 
F(41) -252(3) 1970(2) 2266(1) 83(1) 
F(42) 835(3) 1496(2) 2848(2) 100(2) 
F(43) -407(3) 2092(2) 3097(2) 78(1) 
F(44) 647(3) 5068(2) 2580(2) 90(1) 
F(45) -202(2) 4623(2) 3178(1) 66(1) 
F(46) 1367(2) 4988(2) 3384(2) 77(1) 
F(51) 3935(2) 1606(2) 4387(1) 48(1) 
F(52) 2897(2) 1055(1) 3809(1) 37(1) 
F(53) 4345(2) 574(2) 4124(1) 57(1) 
F(54) 7118(7) 1539(5) 2316(3) 61(2) 
F(55) 7568(4) 1196(4) 3118(2) 54(1) 
F(56) 6639(5) 552(3) 2590(4) 56(2) 
F(57) 7062(7) 651(5) 2919(4) 75(2) 
F(58) 7421(7) 1650(5) 2567(4) 69(2) 
F(59) 6421(5) 945(5) 2158(3) 77(2) 
F(61) 3012(2) 1435(1) 813(1) 55(1) 
F(62) 4671(2) 1529(1) 891(1) 53(1) 
F(63) 3781(3) 1960(1) 196(1) 52(1) 
F(64) 2215(5) 4379(4) 391(3) 50(2) 
F(65) 3822(7) 4688(4) 456(3) 56(2) 
F(66) 2879(7) 4972(3) 1072(3) 52(2) 
F(67) 2719(7) 4339(5) 233(3) 63(2) 
F(68) 3842(6) 4877(4) 745(3) 61(2) 
F(69) 2306(6) 4769(4) 961(3) 64(2) 
F(71) 6629(2) 5146(1) 2102(1) 30(1) 
F(72) 6516(2) 5917(1) 2726(1) 34(1) 
F(73) 7665(2) 5102(1) 2847(1) 37(1) 
F(74) 4103(12) 5088(5) 4297(7) 40(2) 
F(75) 5756(12) 4924(8) 4538(9) 38(3) 
F(76) 4632(8) 4049(9) 4514(7) 39(2) 
F(77) 5534(12) 5087(7) 4513(8) 37(3) 
F(78) 5010(8) 4049(9) 4569(7) 39(2) 
F(79) 3930(12) 4852(6) 4305(7) 47(3) 
________________________________________________________________________________
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Bond lengths [Å] and angles [°] for [W(η2-MeC≡CMe)(η2-MeN=C(PMe3)Ph)(acac)2][BAr′4] 
(Chapter 2, 11[BAr′4]) 
____________________________________________________________________________________________  
 
W(1)-N(6)  1.925(3) 
W(1)-C(2)  2.060(4) 
W(1)-C(3)  2.077(4) 
W(1)-O(24)  2.095(3) 
W(1)-O(28)  2.113(3) 
W(1)-O(17)  2.119(3) 
W(1)-O(21)  2.128(3) 
W(1)-C(7)  2.211(4) 
P(1)-C(15)  1.790(5) 
P(1)-C(14)  1.796(5) 
P(1)-C(16)  1.803(5) 
P(1)-C(7)  1.817(4) 
C(1)-C(2)  1.484(6) 
C(1)-H(1A)  0.9600 
C(1)-H(1B)  0.9600 
C(1)-H(1C)  0.9600 
C(2)-C(3)  1.279(6) 
C(3)-C(4)  1.481(6) 
C(4)-H(4A)  0.9600 
C(4)-H(4B)  0.9600 
C(4)-H(4C)  0.9600 
C(5)-N(6)  1.451(6) 
C(5)-H(5A)  0.9600 
C(5)-H(5B)  0.9600 
C(5)-H(5C)  0.9600 
N(6)-C(7)  1.395(5) 
C(7)-C(8)  1.504(6) 
C(8)-C(9)  1.376(8) 
C(8)-C(13)  1.381(7) 
C(9)-C(10)  1.380(8) 
C(9)-H(9)  0.9300 
C(10)-C(11)  1.334(14) 
C(10)-H(10)  0.9300 
C(11)-C(12)  1.401(14) 
C(11)-H(11)  0.9300 
C(12)-C(13)  1.388(10) 
C(12)-H(12)  0.9300 
C(13)-H(13)  0.9300 
C(14)-H(14A)  0.9600 
C(14)-H(14B)  0.9600 
C(14)-H(14C)  0.9600 
C(15)-H(15A)  0.9600 
C(15)-H(15B)  0.9600 
C(15)-H(15C)  0.9600 
C(16)-H(16A)  0.9600 
C(16)-H(16B)  0.9600 
C(16)-H(16C)  0.9600 
O(17)-C(18)  1.274(5) 
C(18)-C(19)  1.392(7) 
C(18)-C(22)  1.499(7) 
C(19)-C(20)  1.383(7) 
 
C(19)-H(19)  0.9300 
C(20)-O(21)  1.290(5) 
C(20)-C(23)  1.481(7) 
C(22)-H(22A)  0.9600 
C(22)-H(22B)  0.9600 
C(22)-H(22C)  0.9600 
C(23)-H(23A)  0.9600 
C(23)-H(23B)  0.9600 
C(23)-H(23C)  0.9600 
O(24)-C(25)  1.277(5) 
C(25)-C(26)  1.370(7) 
C(25)-C(29)  1.505(6) 
C(26)-C(27)  1.397(7) 
C(26)-H(26)  0.9300 
C(27)-O(28)  1.276(5) 
C(27)-C(30)  1.497(6) 
C(29)-H(29A)  0.9600 
C(29)-H(29B)  0.9600 
C(29)-H(29C)  0.9600 
C(30)-H(30A)  0.9600 
C(30)-H(30B)  0.9600 
C(30)-H(30C)  0.9600 
B(40)-C(71)  1.640(5) 
B(40)-C(51)  1.642(5) 
B(40)-C(61)  1.643(5) 
B(40)-C(41)  1.644(5) 
C(41)-C(42)  1.399(5) 
C(41)-C(46)  1.399(5) 
C(42)-C(43)  1.389(5) 
C(42)-H(42)  0.9300 
C(43)-C(44)  1.385(6) 
C(43)-C(47)  1.503(6) 
C(44)-C(45)  1.385(6) 
C(44)-H(44)  0.9300 
C(45)-C(46)  1.393(5) 
C(45)-C(48)  1.492(6) 
C(46)-H(46)  0.9300 
C(47)-F(41)  1.308(6) 
C(47)-F(42)  1.310(6) 
C(47)-F(43)  1.324(5) 
C(48)-F(44)  1.313(6) 
C(48)-F(46)  1.331(5) 
C(48)-F(45)  1.332(5) 
C(51)-C(52)  1.399(5) 
C(51)-C(56)  1.403(5) 
C(52)-C(53)  1.390(5) 
C(52)-H(52)  0.9300 
C(53)-C(54)  1.387(5) 
C(53)-C(57)  1.502(5) 
C(54)-C(55)  1.383(5) 
C(54)-H(54)  0.9300 
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C(55)-C(56)  1.395(5) 
C(55)-C(58)  1.502(6) 
C(56)-H(56)  0.9300 
C(57)-F(53)  1.328(5) 
C(57)-F(52)  1.334(5) 
C(57)-F(51)  1.352(5) 
C(58)-F(57)  1.258(8) 
C(58)-F(54)  1.261(9) 
C(58)-F(58)  1.274(10) 
C(58)-F(56)  1.282(7) 
C(58)-F(55)  1.422(7) 
C(58)-F(59)  1.429(9) 
C(61)-C(62)  1.396(5) 
C(61)-C(66)  1.401(5) 
C(62)-C(63)  1.394(5) 
C(62)-H(62)  0.9300 
C(63)-C(64)  1.383(6) 
C(63)-C(67)  1.499(5) 
C(64)-C(65)  1.384(5) 
C(64)-H(64)  0.9300 
C(65)-C(66)  1.392(5) 
C(65)-C(68)  1.492(5) 
C(66)-H(66)  0.9300 
C(67)-F(61)  1.326(5) 
C(67)-F(63)  1.335(5) 
C(67)-F(62)  1.336(5) 
C(68)-F(68)  1.300(8) 
C(68)-F(67)  1.310(9) 
C(68)-F(69)  1.320(8) 
C(68)-F(64)  1.324(8) 
C(68)-F(66)  1.343(8) 
C(68)-F(65)  1.348(9) 
C(71)-C(76)  1.400(5) 
C(71)-C(72)  1.403(5) 
C(72)-C(73)  1.397(5) 
C(72)-H(72)  0.9300 
C(73)-C(74)  1.381(5) 
C(73)-C(77)  1.496(5) 
C(74)-C(75)  1.386(5) 
C(74)-H(74)  0.9300 
C(75)-C(76)  1.388(5) 
C(75)-C(78)  1.491(5) 
C(76)-H(76)  0.9300 
C(77)-F(71)  1.335(4) 
C(77)-F(73)  1.345(4) 
C(77)-F(72)  1.347(4) 
C(78)-F(77)  1.315(18) 
C(78)-F(79)  1.325(16) 
C(78)-F(76)  1.325(17) 
C(78)-F(78)  1.337(17) 
C(78)-F(74)  1.357(15) 
























































































































































































































































































































Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for W(CO)(Ph2CN2)(acac)2 (Chapter 3, 1-N2CPh2).  U(eq) is defined as one third of  the 
trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
W(1) 698(1) 3021(1) 2325(1) 12(1) 
C(1) 1497(4) 3211(3) 963(2) 16(1) 
O(2) 1931(3) 3321(3) 177(2) 27(1) 
O(3) -1115(2) 1689(2) 1466(2) 17(1) 
C(4) -1400(4) 453(4) 1131(3) 20(1) 
C(5) -640(4) -332(3) 1448(3) 22(1) 
C(6) 553(4) 107(3) 2162(3) 17(1) 
O(7) 1160(3) 1325(2) 2549(2) 17(1) 
C(8) -2697(4) -144(4) 379(3) 30(1) 
C(9) 1205(4) -849(4) 2536(3) 25(1) 
O(10) -438(2) 2553(2) 3629(2) 15(1) 
C(11) -1168(4) 3206(3) 4096(3) 16(1) 
C(12) -1563(4) 4196(4) 3709(3) 20(1) 
C(13) -1250(4) 4657(3) 2760(3) 17(1) 
O(14) -432(2) 4325(2) 2143(2) 15(1) 
C(15) -1591(4) 2797(4) 5125(3) 24(1) 
C(16) -1910(4) 5625(4) 2393(3) 22(1) 
N(17) 2300(3) 4258(3) 2935(2) 14(1) 
N(18) 3484(3) 5114(3) 3402(2) 14(1) 
C(19) 4257(4) 6084(3) 2947(2) 12(1) 
C(20) 5618(3) 6949(3) 3520(2) 13(1) 
C(21) 6219(4) 6493(3) 4327(2) 16(1) 
C(22) 7495(4) 7274(4) 4858(3) 19(1) 
C(23) 8190(4) 8540(4) 4606(3) 22(1) 
C(24) 7613(4) 9007(3) 3808(3) 21(1) 
C(25) 6341(4) 8221(3) 3267(3) 18(1) 
C(26) 3856(4) 6323(3) 1899(2) 14(1) 
C(27) 4779(4) 6394(3) 1131(3) 17(1) 
C(28) 4374(4) 6574(3) 145(3) 20(1) 
C(29) 3057(4) 6723(3) -67(3) 21(1) 
C(30) 2143(4) 6668(3) 699(3) 21(1) 
C(31) 2527(4) 6457(3) 1680(3) 17(1) 
C(32) 4562(5) 2047(4) 3326(3) 29(1) 
Cl(1) 5015(2) 1836(2) 2057(1) 66(1) 
Cl(2) 4791(1) 802(1) 4015(1) 40(1) 
________________________________________________________________________________ 
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Bond lengths [Å] and angles [°] for W(CO)(Ph2CN2)(acac)2 (Chapter 3, 1-N2CPh2).   
____________________________________________________________________________________________  
 
W(1)-N(17)  1.796(3) 
W(1)-C(1)  2.003(3) 
W(1)-O(7)  2.065(2) 
W(1)-O(3)  2.087(2) 
W(1)-O(14)  2.090(2) 
W(1)-O(10)  2.122(2) 
C(1)-O(2)  1.144(4) 
O(3)-C(4)  1.284(4) 
C(4)-C(5)  1.387(5) 
C(4)-C(8)  1.504(5) 
C(5)-C(6)  1.397(5) 
C(5)-H(5)  0.9500 
C(6)-O(7)  1.281(4) 
C(6)-C(9)  1.494(5) 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
O(10)-C(11)  1.298(4) 
C(11)-C(12)  1.384(5) 
C(11)-C(15)  1.506(5) 
C(12)-C(13)  1.406(5) 
C(12)-H(12)  0.9500 
C(13)-O(14)  1.284(4) 
C(13)-C(16)  1.506(5) 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
N(17)-N(18)  1.310(4) 
N(18)-C(19)  1.302(4) 
C(19)-C(20)  1.483(5) 
C(19)-C(26)  1.489(4) 
C(20)-C(21)  1.403(5) 
C(20)-C(25)  1.405(5) 
C(21)-C(22)  1.379(5) 
C(21)-H(21)  0.9500 
C(22)-C(23)  1.394(5) 
C(22)-H(22)  0.9500 
C(23)-C(24)  1.389(5) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.383(5) 
C(24)-H(24)  0.9500 
C(25)-H(25)  0.9500 
C(26)-C(27)  1.395(5) 
C(26)-C(31)  1.401(5) 
C(27)-C(28)  1.391(5) 
C(27)-H(27)  0.9500 
C(28)-C(29)  1.395(5) 
C(28)-H(28)  0.9500 
C(29)-C(30)  1.388(5) 
C(29)-H(29)  0.9500 
C(30)-C(31)  1.391(5) 
C(30)-H(30)  0.9500 
C(31)-H(31)  0.9500 
C(32)-Cl(2)  1.762(4) 
C(32)-Cl(1)  1.763(4) 
C(32)-H(32A)  0.9900 



















































































































Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
W(O)(acac)2(η2-PhC≡CPh) (Chapter 3, 2-PhC≡CPh).  U(eq) is defined as one third of the 
trace of the orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
W(1) 8608(1) 10437(1) 1218(1) 11(1) 
O(1) 10256(2) 11405(1) 1068(1) 16(1) 
C(2) 9644(2) 8791(2) 1659(1) 13(1) 
C(3) 9570(2) 8353(2) 1200(1) 13(1) 
C(4) 10283(2) 8460(2) 2156(1) 13(1) 
C(5) 11083(2) 9530(2) 2439(1) 17(1) 
C(6) 11784(2) 9199(2) 2906(1) 20(1) 
C(7) 11642(2) 7818(2) 3102(1) 22(1) 
C(8) 10796(2) 6761(2) 2830(1) 19(1) 
C(9) 10149(2) 7073(2) 2358(1) 16(1) 
C(10) 10178(2) 7274(1) 870(1) 12(1) 
C(11) 10371(2) 5828(2) 1018(1) 14(1) 
C(12) 11153(2) 4846(2) 724(1) 17(1) 
C(13) 11767(2) 5306(2) 280(1) 18(1) 
C(14) 11544(2) 6731(2) 123(1) 17(1) 
C(15) 10737(2) 7702(2) 412(1) 14(1) 
O(16) 6274(1) 9557(1) 1343(1) 15(1) 
C(17) 5414(2) 8700(2) 1074(1) 15(1) 
C(18) 5708(2) 8348(2) 583(1) 17(1) 
C(19) 6876(2) 9026(2) 313(1) 14(1) 
O(20) 7918(1) 9918(1) 496(1) 13(1) 
C(21) 3960(2) 8098(2) 1299(1) 24(1) 
C(22) 6951(2) 8756(2) -233(1) 19(1) 
O(23) 7029(2) 12178(1) 1000(1) 16(1) 
C(24) 6833(2) 13373(2) 1220(1) 15(1) 
C(25) 7444(2) 13693(2) 1702(1) 17(1) 
C(26) 8152(2) 12679(2) 2017(1) 15(1) 
O(27) 8416(1) 11337(1) 1911(1) 15(1) 
C(28) 5864(3) 14495(2) 938(1) 23(1) 




Bond lengths [Å] and angles [°] for W(O)(acac)2(η2-PhC≡CPh) (Chapter 3, 2-PhC≡CPh).  
____________________________________________________________________________________________  
 
W(1)-O(1)  1.7145(12) 
W(1)-O(27)  2.0691(11) 
W(1)-O(20)  2.0712(11) 
W(1)-C(3)  2.0939(14) 
W(1)-C(2)  2.0973(14) 
W(1)-O(23)  2.1519(11) 
W(1)-O(16)  2.1636(12) 
C(2)-C(3)  1.3075(19) 
C(2)-C(4)  1.4585(19) 
C(3)-C(10)  1.453(2) 
C(4)-C(5)  1.403(2) 
C(4)-C(9)  1.404(2) 
C(5)-C(6)  1.403(2) 
C(6)-C(7)  1.393(3) 
C(7)-C(8)  1.397(3) 
C(8)-C(9)  1.395(2) 
C(10)-C(11)  1.405(2) 
C(10)-C(15)  1.4061(19) 
C(11)-C(12)  1.395(2) 
C(12)-C(13)  1.402(2) 
C(13)-C(14)  1.396(2) 
C(14)-C(15)  1.392(2) 
O(16)-C(17)  1.2759(18) 
C(17)-C(18)  1.404(2) 
C(17)-C(21)  1.500(2) 
C(18)-C(19)  1.402(2) 
C(19)-O(20)  1.2844(18) 
C(19)-C(22)  1.505(2) 
O(23)-C(24)  1.2716(18) 
C(24)-C(25)  1.412(2) 
C(24)-C(28)  1.504(2) 
C(25)-C(26)  1.383(2) 
C(26)-O(27)  1.2975(19) 



































































Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for W(O)(acac)2(η2-PhC≡N) (Chapter 3, 2-PhC≡N).  U(eq) is defined as one third of  the 
trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
W(1) 6981(1) 7667(1) 1048(1) 29(1) 
O(1) 6275(6) 8268(4) 1887(3) 37(1) 
N(2) 9389(7) 8234(5) 1127(4) 37(1) 
C(3) 9386(10) 7453(6) 1525(5) 33(2) 
C(4) 10689(9) 6864(6) 2050(4) 35(2) 
C(5) 12238(11) 7298(6) 2215(5) 37(2) 
C(6) 13407(10) 6803(7) 2748(5) 43(2) 
C(7) 13024(10) 5895(7) 3106(5) 44(2) 
C(8) 11539(10) 5466(7) 2925(5) 46(2) 
C(9) 10332(9) 5944(6) 2386(5) 39(2) 
O(10) 6667(6) 6188(4) 1420(3) 29(1) 
C(11) 5495(9) 5552(6) 1222(4) 35(2) 
C(12) 4097(10) 5759(6) 712(5) 39(2) 
C(13) 3695(9) 6691(6) 384(4) 35(2) 
O(14) 4646(7) 7469(4) 458(4) 35(1) 
C(15) 5742(10) 4523(6) 1603(5) 43(2) 
C(16) 2076(9) 6881(8) -111(5) 45(2) 
O(17) 6764(6) 8898(4) 281(3) 40(1) 
C(18) 7341(9) 9071(7) -417(5) 46(2) 
C(19) 7976(10) 8326(9) -878(6) 54(2) 
C(20) 8010(10) 7298(7) -725(5) 38(2) 
O(21) 7561(6) 6906(4) -55(3) 35(1) 
C(22) 7293(12) 10148(8) -688(7) 67(3) 
C(23) 8591(9) 6564(8) -1356(5) 46(2) 
________________________________________________________________________________ 
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Bond lengths [Å] and angles [°] for W(O)(acac)2(η2-PhC≡N) (Chapter 3, 2-PhC≡N).   
____________________________________________________________________________________________  
 
W(1)-O(1)  1.719(5) 
W(1)-O(17)  2.046(5) 
W(1)-C(3)  2.067(8) 
W(1)-O(10)  2.070(5) 
W(1)-O(14)  2.074(5) 
W(1)-N(2)  2.103(6) 
W(1)-O(21)  2.142(5) 
N(2)-C(3)  1.217(10) 
C(3)-C(4)  1.517(11) 
C(4)-C(9)  1.374(11) 
C(4)-C(5)  1.395(12) 
C(5)-C(6)  1.391(12) 
C(6)-C(7)  1.382(13) 
C(7)-C(8)  1.349(12) 
C(8)-C(9)  1.406(11) 
O(10)-C(11)  1.293(9) 
C(11)-C(12)  1.375(11) 
C(11)-C(15)  1.499(11) 
C(12)-C(13)  1.370(12) 
C(13)-O(14)  1.289(9) 
C(13)-C(16)  1.505(10) 
O(17)-C(18)  1.285(10) 
C(18)-C(19)  1.367(15) 
C(18)-C(22)  1.490(12) 
C(19)-C(20)  1.380(14) 
C(20)-O(21)  1.286(9) 
























































Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
W(O)(acac)2(η2-PhHC=NPh) (Chapter 3, 2-PhHC=NPh).  U(eq) is defined as one third of 
the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
W(1) 2677(1) 4130(1) 1897(1) 16(1) 
O(1) 3451(3) 4955(2) 1584(2) 23(1) 
N(2) 1458(4) 4425(2) 2890(2) 20(1) 
C(3) 3236(5) 4376(2) 3256(2) 18(1) 
C(4) 202(5) 4924(2) 3142(2) 17(1) 
C(5) -1482(5) 5036(2) 2659(2) 22(1) 
C(6) -2705(5) 5510(2) 2952(2) 21(1) 
C(7) -2297(5) 5874(2) 3722(3) 27(1) 
C(8) -655(6) 5765(2) 4198(3) 29(1) 
C(9) 599(5) 5294(2) 3917(2) 22(1) 
C(10) 3819(5) 3804(2) 3902(2) 18(1) 
C(11) 2626(5) 3276(2) 4118(2) 20(1) 
C(12) 3185(6) 2760(2) 4744(2) 26(1) 
C(13) 4916(6) 2766(2) 5160(3) 26(1) 
C(14) 6125(6) 3288(2) 4939(3) 28(1) 
C(15) 5557(5) 3806(2) 4310(2) 23(1) 
O(16) 2002(3) 3018(1) 2097(2) 17(1) 
C(17) 2949(5) 2435(2) 2242(2) 17(1) 
C(18) 4804(5) 2427(2) 2299(2) 22(1) 
C(19) 5841(5) 3053(2) 2273(2) 21(1) 
O(20) 5237(3) 3703(1) 2154(2) 19(1) 
C(21) 1936(5) 1746(2) 2388(3) 25(1) 
C(22) 7855(5) 2994(2) 2399(3) 28(1) 
O(23) 3138(3) 3680(1) 691(2) 20(1) 
C(24) 2208(5) 3759(2) -44(2) 21(1) 
C(25) 451(5) 4032(2) -166(2) 21(1) 
C(26) -539(5) 4172(2) 490(2) 18(1) 
O(27) 91(3) 4185(1) 1302(2) 19(1) 
C(28) 3069(6) 3501(2) -796(2) 29(1) 




Bond lengths [Å] and angles [°] for W(O)(acac)2(η2-PhHC=NPh) (Chapter 3, 2-
PhHC=NPh).   
____________________________________________________________________________________________  
 
W(1)-O(1)  1.711(3) 
W(1)-N(2)  1.980(3) 
W(1)-O(27)  2.047(2) 
W(1)-O(20)  2.068(2) 
W(1)-O(16)  2.130(2) 
W(1)-O(23)  2.133(2) 
W(1)-C(3)  2.166(4) 
N(2)-C(3)  1.387(5) 
N(2)-C(4)  1.406(5) 
C(3)-C(10)  1.482(5) 
C(4)-C(9)  1.390(5) 
C(4)-C(5)  1.403(5) 
C(5)-C(6)  1.384(5) 
C(6)-C(7)  1.380(5) 
C(7)-C(8)  1.372(6) 
C(8)-C(9)  1.390(5) 
C(10)-C(15)  1.378(5) 
C(10)-C(11)  1.389(5) 
C(11)-C(12)  1.388(5) 
C(12)-C(13)  1.378(6) 
C(13)-C(14)  1.391(6) 
C(14)-C(15)  1.394(6) 
O(16)-C(17)  1.285(4) 
C(17)-C(18)  1.385(5) 
C(17)-C(21)  1.506(5) 
C(18)-C(19)  1.389(5) 
C(19)-O(20)  1.276(4) 
C(19)-C(22)  1.504(5) 
O(23)-C(24)  1.278(4) 
C(24)-C(25)  1.402(5) 
C(24)-C(28)  1.493(5) 
C(25)-C(26)  1.369(5) 
C(26)-O(27)  1.301(4) 




































































Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for W(O)(acac)2(η2-PhHC=NMe) (Chapter 3, 2-PhHC=NMe). U(eq) is defined as one third 
of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
W(1) 1509(1) 2750(1) 1878(1) 17(1) 
O(1) 2441(2) 920(2) 1746(1) 23(1) 
C(2) 4818(3) 4123(3) 1019(1) 28(1) 
N(3) 3589(2) 4541(2) 1627(1) 21(1) 
C(4) 3967(2) 4416(2) 2441(1) 21(1) 
C(5) 3839(2) 5892(2) 3059(1) 20(1) 
C(6) 4177(3) 5766(3) 3885(1) 28(1) 
C(7) 4030(3) 7128(3) 4470(1) 33(1) 
C(8) 3538(3) 8641(3) 4239(1) 29(1) 
C(9) 3228(3) 8799(3) 3425(1) 25(1) 
C(10) 3373(2) 7437(2) 2838(1) 21(1) 
O(11) 1126(2) 2352(2) 3085(1) 24(1) 
C(12) 220(3) 3002(3) 3621(1) 26(1) 
C(13) -683(3) 4383(3) 3530(1) 29(1) 
C(14) -688(2) 5220(2) 2835(1) 22(1) 
O(15) 14(2) 4732(2) 2182(1) 21(1) 
C(16) 221(4) 2200(4) 4405(1) 44(1) 
C(17) -1516(3) 6812(3) 2807(1) 29(1) 
O(18) -1106(2) 1224(2) 1783(1) 24(1) 
C(19) -2152(2) 593(2) 1154(1) 22(1) 
C(20) -1847(2) 1011(2) 368(1) 24(1) 
C(21) -408(2) 2233(2) 175(1) 21(1) 
O(22) 905(2) 3040(2) 682(1) 21(1) 
C(23) -3835(3) -640(3) 1304(1) 29(1) 
C(24) -314(3) 2763(3) -665(1) 26(1) 
________________________________________________________________________________ 
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W(1)-O(1)  1.7099(13) 
W(1)-N(3)  2.0008(16) 
W(1)-O(22)  2.0584(13) 
W(1)-O(11)  2.0809(13) 
W(1)-O(18)  2.1118(13) 
W(1)-O(15)  2.1205(12) 
W(1)-C(4)  2.1771(19) 
C(2)-N(3)  1.459(2) 
N(3)-C(4)  1.384(2) 
C(4)-C(5)  1.479(3) 
C(5)-C(6)  1.397(3) 
C(5)-C(10)  1.401(2) 
C(6)-C(7)  1.386(3) 
C(7)-C(8)  1.390(3) 
C(8)-C(9)  1.382(3) 
C(9)-C(10)  1.388(3) 
O(11)-C(12)  1.271(2) 
C(12)-C(13)  1.401(3) 
C(12)-C(16)  1.502(3) 
C(13)-C(14)  1.383(3) 
C(14)-O(15)  1.281(2) 
C(14)-C(17)  1.500(3) 
O(18)-C(19)  1.277(2) 
C(19)-C(20)  1.396(3) 
C(19)-C(23)  1.502(3) 
C(20)-C(21)  1.386(3) 
C(21)-O(22)  1.295(2) 



























































Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
W(CO)(acac)(Cl)(PMe3)3 (Chapter 4, 3-Cl).  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
W(1) 4794(1) 7908(1) 2279(1) 10(1) 
Cl(1) 6695(1) 7681(1) 3186(1) 17(1) 
P(1) 3201(1) 7600(1) 1186(1) 14(1) 
P(2) 5677(1) 9812(1) 2091(1) 14(1) 
P(3) 4329(1) 7527(1) 3640(1) 14(1) 
C(1) 3829(2) 9149(2) 2479(1) 15(1) 
O(2) 3210(1) 9910(1) 2604(1) 22(1) 
O(3) 4776(1) 5997(1) 2344(1) 15(1) 
C(4) 5315(2) 5247(2) 1999(1) 15(1) 
C(5) 5910(2) 5498(2) 1378(1) 18(1) 
C(6) 5998(2) 6616(2) 1027(1) 16(1) 
O(7) 5563(1) 7575(1) 1235(1) 14(1) 
C(8) 5247(2) 3982(2) 2287(2) 23(1) 
C(9) 6637(2) 6765(2) 342(1) 24(1) 
C(10) 1837(2) 7784(2) 1408(1) 22(1) 
C(11) 3072(2) 6133(2) 702(2) 26(1) 
C(12) 3163(2) 8572(2) 290(1) 26(1) 
C(13) 6941(2) 9692(2) 1695(1) 21(1) 
C(14) 6048(2) 10720(2) 3024(1) 22(1) 
C(15) 4941(2) 10881(2) 1350(1) 22(1) 
C(16) 4702(2) 8679(2) 4425(1) 22(1) 
C(17) 2897(2) 7282(2) 3647(1) 24(1) 
C(18) 4913(2) 6190(2) 4180(1) 23(1) 
________________________________________________________________________________
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Bond lengths [Å] and angles [°] for W(CO)(acac)(Cl)(PMe3)3 (Chapter 4, 3-Cl).   
____________________________________________________________________________________________  
 
W(1)-C(1)  1.913(2) 
W(1)-O(7)  2.1440(13) 
W(1)-O(3)  2.1538(13) 
W(1)-P(1)  2.4365(5) 
W(1)-P(3)  2.4387(5) 
W(1)-P(2)  2.4561(5) 
W(1)-Cl(1)  2.5648(5) 
P(1)-C(10)  1.820(2) 
P(1)-C(12)  1.820(2) 
P(1)-C(11)  1.824(2) 
P(2)-C(14)  1.821(2) 
P(2)-C(13)  1.822(2) 
P(2)-C(15)  1.827(2) 
P(3)-C(17)  1.814(2) 
P(3)-C(16)  1.822(2) 
P(3)-C(18)  1.825(2) 
C(1)-O(2)  1.197(2) 
O(3)-C(4)  1.276(2) 
C(4)-C(5)  1.395(3) 
C(4)-C(8)  1.507(3) 
C(5)-C(6)  1.395(3) 
C(6)-O(7)  1.282(2) 























































Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 
for [W(NH)(acac)(PMe3)3][I] (Chapter 4, 4-NH[I]).  U(eq) is defined as one third of the trace 
of the orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
W(1) 3424(1) 7754(1) 2237(1) 16(1) 
P(1) 1473(1) 7419(1) 3018(1) 21(1) 
P(2) 4897(1) 8023(1) 1220(1) 20(1) 
P(3) 4259(1) 9204(1) 2879(1) 19(1) 
N(1) 4788(5) 7151(3) 2774(2) 20(1) 
O(2) 1903(4) 8705(3) 1721(2) 19(1) 
C(3) 908(5) 8579(4) 1191(3) 21(1) 
C(4) 621(6) 7714(4) 859(3) 24(1) 
C(5) 1312(6) 6857(4) 1047(3) 22(1) 
O(6) 2334(4) 6771(3) 1557(2) 20(1) 
C(7) 57(6) 9470(4) 965(3) 28(1) 
C(8) 864(7) 5929(4) 664(3) 34(1) 
C(9) 2082(7) 6871(5) 3864(3) 33(1) 
C(10) 336(7) 8410(5) 3237(4) 38(2) 
C(11) 105(6) 6566(5) 2643(3) 29(1) 
C(12) 4642(7) 7097(5) 542(3) 32(1) 
C(13) 6858(6) 7990(5) 1426(3) 30(1) 
C(14) 4570(7) 9108(5) 705(4) 37(1) 
C(15) 3136(6) 10250(4) 2691(3) 26(1) 
C(16) 4416(7) 9118(4) 3842(3) 30(1) 
C(17) 6071(6) 9658(4) 2769(3) 31(1) 




Bond lengths [Å] and angles [°] for (Chapter 4, 4-NH[I]).   
____________________________________________________________________________________________  
 
W(1)-N(1)  1.757(5) 
W(1)-O(6)  2.076(4) 
W(1)-O(2)  2.107(3) 
W(1)-P(3)  2.4515(13) 
W(1)-P(1)  2.5063(13) 
W(1)-P(2)  2.5127(13) 
P(1)-C(9)  1.816(6) 
P(1)-C(10)  1.819(6) 
P(1)-C(11)  1.832(6) 
P(2)-C(14)  1.814(6) 
P(2)-C(13)  1.823(6) 
P(2)-C(12)  1.824(6) 
P(3)-C(15)  1.812(5) 
P(3)-C(16)  1.824(6) 
P(3)-C(17)  1.833(5) 
O(2)-C(3)  1.304(6) 
C(3)-C(4)  1.378(8) 
C(3)-C(7)  1.515(7) 
C(4)-C(5)  1.390(8) 
C(5)-O(6)  1.289(7) 
















































Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 
for [W2N(acac)2(CO)3(PMe3)4][BAr′4] (Chapter 4, 5[BAr′4]). U(eq) is defined as one third of 
the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
W(1) 2435(1) 6334(1) 3478(1) 20(1) 
W(2) 4232(1) 4857(1) 3449(1) 19(1) 
P(1) 1665(1) 7396(1) 3786(1) 29(1) 
P(2) 1923(1) 5767(1) 2633(1) 25(1) 
P(3) 5393(1) 5584(1) 3030(1) 26(1) 
P(4) 3290(1) 3947(1) 3845(1) 23(1) 
C(1) 1104(3) 6087(2) 3435(1) 28(1) 
O(2) 319(2) 5939(2) 3454(1) 40(1) 
C(3) 2542(3) 6992(2) 2919(2) 28(1) 
O(4) 2642(2) 7412(2) 2607(1) 42(1) 
O(5) 2435(2) 5954(1) 4261(1) 26(1) 
C(6) 2937(3) 6118(2) 4687(1) 29(1) 
C(7) 3709(3) 6559(2) 4727(2) 34(1) 
C(8) 4086(3) 6842(2) 4306(2) 28(1) 
O(10) 3723(2) 6788(1) 3829(1) 26(1) 
C(11) 2642(4) 5801(3) 5170(2) 43(1) 
C(12) 5002(3) 7218(2) 4391(2) 38(1) 
C(13) 799(3) 7790(3) 3304(2) 49(1) 
C(14) 1025(4) 7275(3) 4343(2) 46(1) 
C(15) 2450(3) 8107(2) 3990(2) 47(1) 
C(16) 1586(3) 4869(2) 2679(2) 33(1) 
C(17) 2782(3) 5735(2) 2175(1) 33(1) 
C(18) 911(3) 6143(3) 2235(2) 38(1) 
N(19) 3367(2) 5497(2) 3436(1) 20(1) 
C(20) 4845(2) 5180(2) 4144(1) 23(1) 
O(21) 5252(2) 5365(2) 4531(1) 33(1) 
O(22) 5404(2) 4126(1) 3557(1) 28(1) 
C(23) 5648(3) 3655(2) 3247(2) 30(1) 
C(24) 5153(3) 3494(2) 2771(2) 35(1) 
C(25) 4333(3) 3821(2) 2542(1) 31(1) 
O(26) 3928(2) 4326(1) 2745(1) 28(1) 
C(27) 6541(3) 3275(2) 3447(2) 38(1) 
C(28) 3843(4) 3597(2) 2015(2) 44(1) 
C(29) 5053(3) 6475(2) 2891(2) 39(1) 
C(30) 6502(3) 5664(3) 3450(2) 40(1) 
C(31) 5745(3) 5286(2) 2418(2) 37(1) 
C(32) 2805(3) 3243(2) 3430(2) 32(1) 
C(33) 2277(3) 4264(2) 4129(2) 37(1) 
C(34) 3971(3) 3487(2) 4378(2) 34(1) 
B(40) 1984(3) 737(2) 4015(1) 18(1) 
C(41) 3133(2) 645(2) 4112(1) 19(1) 
C(42) 3586(2) 5(2) 4195(1) 21(1) 
C(43) 4558(2) -67(2) 4211(1) 22(1) 
C(44) 5122(2) 486(2) 4126(1) 22(1) 
C(45) 4694(2) 1124(2) 4029(1) 21(1) 
C(46) 3728(2) 1202(2) 4033(1) 20(1) 
C(47) 4978(3) -774(2) 4293(2) 29(1) 
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C(48) 5284(3) 1731(2) 3926(2) 27(1) 
F(41) 4757(2) -1176(1) 3874(1) 46(1) 
F(42) 5906(2) -775(1) 4385(2) 65(1) 
F(43) 4651(2) -1111(1) 4682(1) 45(1) 
F(44) 6017(2) 1561(1) 3682(1) 43(1) 
F(45) 5644(2) 2056(2) 4360(1) 51(1) 
F(46) 4801(2) 2210(1) 3629(1) 44(1) 
C(51) 1771(2) 725(2) 3377(1) 18(1) 
C(52) 1813(2) 1322(2) 3080(1) 19(1) 
C(53) 1694(2) 1315(2) 2538(1) 20(1) 
C(54) 1538(2) 702(2) 2266(1) 22(1) 
C(55) 1520(2) 99(2) 2550(1) 22(1) 
C(56) 1632(2) 109(2) 3092(1) 21(1) 
C(57) 1774(3) 1981(2) 2260(1) 27(1) 
C(58) 1376(3) -585(2) 2277(2) 31(1) 
F(51) 2678(2) 2202(1) 2305(1) 50(1) 
F(52) 1302(2) 2497(1) 2454(1) 35(1) 
F(53) 1472(2) 1941(1) 1755(1) 49(1) 
F(54) 1384(3) -534(2) 1765(1) 62(1) 
F(55) 581(2) -888(1) 2360(1) 52(1) 
F(56) 2057(2) -1034(1) 2441(1) 55(1) 
C(61) 1417(2) 125(2) 4280(1) 19(1) 
C(62) 525(2) -97(2) 4059(1) 21(1) 
C(63) 7(2) -587(2) 4296(1) 22(1) 
C(64) 368(2) -886(2) 4766(1) 23(1) 
C(65) 1257(2) -679(2) 4991(1) 22(1) 
C(66) 1767(2) -182(2) 4756(1) 22(1) 
C(67) -932(3) -818(2) 4031(1) 27(1) 
C(68) 1685(3) -1027(2) 5479(2) 29(1) 
F(61) -1289(3) -406(3) 3651(1) 111(2) 
F(62) -1593(2) -845(2) 4334(1) 57(1) 
F(63) -914(2) -1428(2) 3833(2) 129(2) 
F(64) 1097(2) -1072(2) 5839(1) 53(1) 
F(65) 1961(3) -1665(2) 5391(1) 76(1) 
F(66) 2448(2) -707(2) 5714(1) 47(1) 
C(71) 1644(2) 1464(2) 4255(1) 19(1) 
C(72) 2090(2) 1737(2) 4723(1) 21(1) 
C(73) 1757(3) 2326(2) 4947(1) 23(1) 
C(74) 976(3) 2674(2) 4706(1) 25(1) 
C(75) 522(2) 2417(2) 4240(1) 24(1) 
C(76) 844(2) 1821(2) 4027(1) 21(1) 
C(77) 2233(3) 2616(2) 5446(1) 32(1) 
C(78) -295(3) 2820(2) 3964(2) 34(1) 
F(71) 2885(2) 2194(1) 5692(1) 43(1) 
F(72) 2673(2) 3210(1) 5377(1) 45(1) 
F(73) 1619(2) 2753(2) 5778(1) 64(1) 
F(74) -861(2) 3056(2) 4284(1) 87(1) 
F(75) -831(2) 2461(2) 3620(1) 67(1) 
F(76) -1(2) 3361(2) 3733(2) 108(2) 
Cl(81) 9065(2) 5615(2) 4433(1) 73(1) 
Cl(82) 9775(3) 5379(2) 4928(2) 89(1) 
C(83) 9988(11) 5037(6) 4464(5) 76(4) 
________________________________________________________________________________
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W(1)-C(3)  1.951(4) 
W(1)-C(1)  1.951(4) 
W(1)-N(19)  2.114(3) 
W(1)-O(10)  2.137(3) 
W(1)-O(5)  2.157(2) 
W(1)-P(2)  2.4764(10) 
W(1)-P(1)  2.5121(10) 
W(2)-N(19)  1.748(3) 
W(2)-C(20)  2.000(4) 
W(2)-O(26)  2.093(3) 
W(2)-O(22)  2.186(3) 
W(2)-P(4)  2.5177(9) 
W(2)-P(3)  2.5283(9) 
P(1)-C(13)  1.811(5) 
P(1)-C(15)  1.815(5) 
P(1)-C(14)  1.822(4) 
P(2)-C(17)  1.815(4) 
P(2)-C(16)  1.816(4) 
P(2)-C(18)  1.820(4) 
P(3)-C(30)  1.812(4) 
P(3)-C(31)  1.817(4) 
P(3)-C(29)  1.818(4) 
P(4)-C(33)  1.814(4) 
P(4)-C(34)  1.818(4) 
P(4)-C(32)  1.820(4) 
C(1)-O(2)  1.167(4) 
C(3)-O(4)  1.170(5) 
O(5)-C(6)  1.279(4) 
C(6)-C(7)  1.391(6) 
C(6)-C(11)  1.502(6) 
C(7)-C(8)  1.390(6) 
C(8)-O(10)  1.281(5) 
C(8)-C(12)  1.490(5) 
C(20)-O(21)  1.150(4) 
O(22)-C(23)  1.295(4) 
C(23)-C(24)  1.378(6) 
C(23)-C(27)  1.507(6) 
C(24)-C(25)  1.397(6) 
C(25)-O(26)  1.284(5) 
C(25)-C(28)  1.516(6) 
B(40)-C(61)  1.638(5) 
B(40)-C(71)  1.640(5) 
B(40)-C(41)  1.641(5) 
B(40)-C(51)  1.643(5) 
C(41)-C(42)  1.404(5) 
C(41)-C(46)  1.406(5) 
C(42)-C(43)  1.392(5) 
C(43)-C(44)  1.376(5) 
C(43)-C(47)  1.500(5) 
C(44)-C(45)  1.389(5) 
C(45)-C(46)  1.392(5) 
C(45)-C(48)  1.493(5) 
C(47)-F(42)  1.318(5) 
C(47)-F(43)  1.334(5) 
 
C(47)-F(41)  1.341(5) 
C(48)-F(45)  1.332(5) 
C(48)-F(44)  1.334(4) 
C(48)-F(46)  1.342(4) 
C(51)-C(52)  1.397(5) 
C(51)-C(56)  1.405(5) 
C(52)-C(53)  1.392(4) 
C(53)-C(54)  1.384(5) 
C(53)-C(57)  1.493(5) 
C(54)-C(55)  1.383(5) 
C(55)-C(56)  1.394(5) 
C(55)-C(58)  1.505(5) 
C(57)-F(53)  1.325(4) 
C(57)-F(52)  1.341(4) 
C(57)-F(51)  1.352(4) 
C(58)-F(55)  1.322(5) 
C(58)-F(54)  1.332(5) 
C(58)-F(56)  1.335(5) 
C(61)-C(62)  1.397(5) 
C(61)-C(66)  1.402(5) 
C(62)-C(63)  1.394(5) 
C(63)-C(64)  1.387(5) 
C(63)-C(67)  1.496(5) 
C(64)-C(65)  1.387(5) 
C(65)-C(66)  1.395(5) 
C(65)-C(68)  1.492(5) 
C(67)-F(63)  1.292(5) 
C(67)-F(62)  1.305(4) 
C(67)-F(61)  1.318(5) 
C(68)-F(65)  1.329(5) 
C(68)-F(66)  1.332(5) 
C(68)-F(64)  1.338(4) 
C(71)-C(72)  1.400(5) 
C(71)-C(76)  1.400(5) 
C(72)-C(73)  1.392(5) 
C(73)-C(74)  1.384(5) 
C(73)-C(77)  1.492(5) 
C(74)-C(75)  1.386(5) 
C(75)-C(76)  1.387(5) 
C(75)-C(78)  1.507(5) 
C(77)-F(73)  1.334(4) 
C(77)-F(72)  1.335(5) 
C(77)-F(71)  1.340(5) 
C(78)-F(75)  1.301(5) 
C(78)-F(76)  1.305(5) 
C(78)-F(74)  1.313(5) 
Cl(81)-Cl(82)  1.597(5) 
Cl(81)-C(83)  1.725(13) 
Cl(82)-Cl(82)#1  1.630(8) 
Cl(82)-C(83)#1  1.763(13) 


































































































































































































Symmetry transformations used to generate equivalent atoms:  




Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) 
for [WO(acac)(PMe3)3][BF4] (Chapter 4, 4-O[BF4]).  U(eq) is defined as one third of the 
trace of the orthogonalized Uij tensor. 
________________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
W(1) 117(1) 637(1) 1675(1) 11(1) 
P(1) 104(1) 1026(1) -91(1) 15(1) 
P(2) -1562(1) -357(1) 1661(1) 18(1) 
P(3) 565(1) 317(1) 3421(1) 14(1) 
O(1) -569(2) 1707(2) 1937(2) 20(1) 
O(2) 1761(2) 925(2) 1584(2) 14(1) 
C(3) 2622(3) 393(2) 1483(2) 13(1) 
C(4) 2586(2) -615(3) 1320(2) 14(1) 
C(5) 1639(3) -1159(2) 1252(2) 14(1) 
O(6) 666(2) -790(2) 1355(2) 11(1) 
C(7) 3689(3) 924(3) 1540(3) 19(1) 
C(8) 1676(3) -2231(3) 1063(2) 17(1) 
C(9) 990(3) 2060(3) -358(3) 28(1) 
C(10) 557(4) 75(3) -906(3) 28(1) 
C(11) -1185(3) 1438(3) -592(3) 31(1) 
C(12) -1886(3) -1006(3) 558(3) 24(1) 
C(13) -2781(3) 354(3) 1911(4) 45(1) 
C(14) -1619(4) -1363(3) 2518(3) 27(1) 
C(15) -517(3) 292(3) 4321(3) 20(1) 
C(16) 1456(3) 1277(3) 3855(3) 24(1) 
C(17) 1316(3) -806(3) 3652(2) 22(1) 
B(1) 4880(3) 2741(3) 3397(3) 17(1) 
F(1) 4822(3) 3700(2) 3085(3) 75(1) 
F(2) 3837(2) 2358(2) 3475(2) 29(1) 
F(3) 5488(2) 2217(3) 2763(3) 75(1) 
F(4) 5382(2) 2738(2) 4274(2) 48(1) 
________________________________________________________________________________
 176
Bond lengths [Å] and angles [°] for [WO(acac)(PMe3)3][BF4] (Chapter 4, 4-O[BF4]). 
____________________________________________________________________________________________  
 
W(1)-O(1)  1.729(2) 
W(1)-O(2)  2.058(2) 
W(1)-O(6)  2.115(2) 
W(1)-P(2)  2.4677(8) 
W(1)-P(1)  2.5189(8) 
W(1)-P(3)  2.5326(9) 
P(1)-C(10)  1.816(4) 
P(1)-C(11)  1.817(4) 
P(1)-C(9)  1.823(4) 
P(2)-C(13)  1.818(4) 
P(2)-C(12)  1.819(4) 
P(2)-C(14)  1.824(4) 
P(3)-C(16)  1.814(4) 
P(3)-C(17)  1.821(4) 
P(3)-C(15)  1.826(4) 
O(2)-C(3)  1.290(4) 
C(3)-C(4)  1.401(5) 
C(3)-C(7)  1.499(4) 
C(4)-C(5)  1.383(5) 
C(5)-O(6)  1.304(4) 
C(5)-C(8)  1.493(5) 
B(1)-F(3)  1.360(5) 
B(1)-F(4)  1.369(5) 
B(1)-F(1)  1.386(5) 






















































Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for [W(NC(O)NHAr(CF3)2)(acac)(PMe3)3][BAr′4] (Ar = 3,5-bis(trifluoromethyl)phenyl) 
(Chapter 4, 6-Ar(CF3)2[BAr′4]). U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
W(1) 9253(1) 3046(1) 3363(1) 34(1) 
P(1) 9748(3) 3853(1) 3993(2) 86(1) 
P(2) 9100(1) 2154(1) 3025(1) 32(1) 
P(3) 7391(2) 3248(1) 2942(2) 69(1) 
N(1) 9498(4) 3212(2) 2489(3) 31(1) 
C(2) 9560(6) 3287(2) 1768(4) 31(2) 
O(3) 8848(4) 3190(2) 1267(3) 44(1) 
N(4) 10508(4) 3475(2) 1701(3) 28(1) 
C(5) 10889(5) 3569(2) 1060(3) 26(1) 
C(6) 10355(5) 3432(2) 371(3) 26(1) 
C(7) 10805(5) 3521(2) -228(3) 27(1) 
C(8) 11774(5) 3756(2) -169(4) 32(2) 
C(9) 12292(5) 3895(2) 519(4) 32(2) 
C(10) 11858(5) 3803(2) 1126(4) 30(2) 
C(11) 10263(7) 3333(3) -948(4) 48(1) 
C(12) 13335(7) 4128(4) 609(5) 63(1) 
F(13) 10561(7) 2862(3) -1042(4) 48(1) 
F(14) 9204(6) 3318(3) -1033(4) 50(1) 
F(15) 10490(7) 3571(3) -1517(4) 49(1) 
F(13A) 10106(14) 2857(6) -962(8) 48(1) 
F(14A) 9363(12) 3570(7) -1172(8) 50(1) 
F(15A) 10854(14) 3416(6) -1488(8) 48(1) 
F(16) 13358(8) 4540(4) 203(6) 64(1) 
F(17) 14082(7) 3835(4) 401(6) 64(1) 
F(18) 13787(8) 4259(4) 1288(6) 64(1) 
F(16A) 13512(11) 4347(6) 27(8) 63(1) 
F(17A) 14103(9) 3797(5) 817(8) 64(1) 
F(18A) 13465(11) 4463(6) 1167(8) 63(1) 
C(19) 9910(20) 4343(4) 3446(9) 223(7) 
C(20) 11109(10) 3845(5) 4595(8) 132(4) 
C(21) 8965(9) 4044(4) 4658(5) 82(3) 
C(22) 10339(7) 1842(3) 3163(5) 58(2) 
C(23) 8343(8) 1777(3) 3535(5) 58(2) 
C(24) 8567(7) 2016(3) 2069(4) 49(2) 
C(25) 6613(9) 3262(4) 3649(7) 98(4) 
C(26) 6631(8) 2885(7) 2275(7) 148(6) 
C(27) 7193(14) 3865(6) 2562(14) 237(9) 
O(28) 10682(4) 2832(2) 3974(3) 54(2) 
C(29) 10977(8) 2644(4) 4610(5) 70(3) 
C(30) 10294(10) 2548(4) 5073(5) 71(3) 
C(31) 9242(10) 2643(3) 4917(5) 62(3) 
O(32) 8720(5) 2841(2) 4296(3) 55(2) 
C(33) 12134(8) 2546(5) 4843(6) 107(5) 
C(34) 8491(10) 2530(4) 5435(6) 94(4) 
B(40) 7315(6) 4343(2) 7191(4) 23(2) 
C(41) 6679(5) 4403(2) 7865(3) 24(1) 
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C(42) 7089(5) 4219(2) 8564(3) 27(1) 
C(43) 6533(5) 4235(2) 9124(4) 31(2) 
C(44) 5540(6) 4434(3) 9012(4) 36(2) 
C(45) 5104(5) 4611(2) 8331(4) 31(2) 
C(46) 5654(5) 4591(2) 7767(4) 28(1) 
C(47) 6987(6) 4020(3) 9858(4) 40(2) 
C(48) 4035(6) 4840(3) 8204(5) 44(2) 
F(49) 6789(4) 4290(2) 10403(2) 72(2) 
F(50) 6590(7) 3587(2) 9943(3) 123(3) 
F(51) 8024(4) 3984(2) 9977(2) 74(2) 
F(52) 4044(4) 5275(2) 8477(5) 119(3) 
F(53) 3373(4) 4593(3) 8543(3) 84(2) 
F(54) 3562(4) 4866(2) 7523(3) 78(2) 
C(55) 7032(5) 3789(2) 6887(3) 22(1) 
C(56) 7615(5) 3383(2) 7196(3) 24(1) 
C(57) 7359(5) 2907(2) 6983(3) 28(2) 
C(58) 6493(5) 2809(2) 6434(3) 28(1) 
C(59) 5894(5) 3202(2) 6123(3) 27(1) 
C(60) 6146(5) 3677(2) 6355(3) 26(1) 
C(61) 8007(6) 2499(2) 7359(4) 37(2) 
C(62) 5004(6) 3120(2) 5495(4) 35(2) 
F(63) 9035(4) 2593(2) 7483(3) 64(2) 
F(64) 7792(5) 2404(2) 8014(3) 78(2) 
F(65) 7890(3) 2081(1) 6992(2) 46(1) 
F(66) 4628(4) 2663(2) 5474(3) 69(2) 
F(67) 5297(4) 3201(3) 4866(2) 81(2) 
F(68) 4177(3) 3405(1) 5513(2) 37(1) 
C(69) 6958(5) 4770(2) 6574(3) 25(1) 
C(70) 6846(5) 4703(2) 5817(3) 25(1) 
C(71) 6611(5) 5091(2) 5330(3) 27(1) 
C(72) 6533(5) 5562(2) 5581(4) 34(2) 
C(73) 6679(5) 5646(2) 6322(4) 29(2) 
C(74) 6884(5) 5255(2) 6803(3) 25(1) 
C(75) 6501(6) 4998(3) 4532(4) 35(2) 
C(76) 6672(6) 6148(3) 6621(4) 42(2) 
F(77) 7401(3) 5052(2) 4302(2) 53(1) 
F(78) 6179(4) 4545(2) 4332(2) 57(1) 
F(79) 5814(4) 5300(2) 4127(2) 60(1) 
F(80) 6402(6) 6487(2) 6133(3) 93(2) 
F(81) 7626(3) 6269(1) 7001(2) 47(1) 
F(82) 6035(4) 6193(2) 7103(3) 72(2) 
C(83) 8576(5) 4418(2) 7438(3) 26(1) 
C(84) 9046(5) 4724(2) 8019(4) 26(1) 
C(85) 10117(5) 4804(2) 8184(4) 30(2) 
C(86) 10781(5) 4586(2) 7783(4) 34(2) 
C(87) 10350(5) 4287(2) 7208(4) 31(2) 
C(88) 9269(5) 4206(2) 7034(3) 27(1) 
C(89) 10587(6) 5139(3) 8798(4) 39(2) 
C(90) 11036(6) 4045(3) 6755(5) 47(2) 
F(91) 9900(4) 5290(2) 9197(3) 64(1) 
F(92) 10985(4) 5543(2) 8560(3) 70(2) 
F(93) 11369(3) 4927(2) 9262(3) 54(1) 
F(94) 10710(4) 3616(2) 6503(4) 84(2) 
F(95) 12020(4) 4006(3) 7084(4) 117(3) 
F(96) 11073(6) 4301(3) 6160(4) 113(3) 
________________________________________________________________________________ 
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Bond lengths [Å] and angles [°] for  [W(NC(O)NHAr(CF3)2)(acac)(PMe3)3][BAr′4] (Ar = 3,5-
bis(trifluoromethyl)phenyl) (Chapter 4, 6-Ar(CF3)2[BAr′4]). 
____________________________________________________________________________________________  
 
W(1)-N(1)  1.783(5) 
W(1)-O(28)  2.063(6) 
W(1)-O(32)  2.077(5) 
W(1)-P(3)  2.452(3) 
W(1)-P(2)  2.5153(17) 
W(1)-P(1)  2.525(2) 
P(1)-C(19)  1.724(12) 
P(1)-C(21)  1.827(9) 
P(1)-C(20)  1.900(15) 
P(2)-C(22)  1.792(8) 
P(2)-C(23)  1.819(7) 
P(2)-C(24)  1.827(7) 
P(3)-C(26)  1.742(14) 
P(3)-C(25)  1.812(9) 
P(3)-C(27)  1.828(12) 
N(1)-C(2)  1.382(8) 
C(2)-O(3)  1.210(8) 
C(2)-N(4)  1.361(8) 
N(4)-C(5)  1.407(7) 
C(5)-C(6)  1.391(9) 
C(5)-C(10)  1.393(9) 
C(6)-C(7)  1.382(9) 
C(7)-C(8)  1.395(10) 
C(7)-C(11)  1.485(10) 
C(8)-C(9)  1.384(10) 
C(9)-C(10)  1.386(9) 
C(9)-C(12)  1.473(11) 
C(11)-F(13A)  1.316(18) 
C(11)-F(15)  1.328(11) 
C(11)-F(14A)  1.328(17) 
C(11)-F(14)  1.350(11) 
C(11)-F(13)  1.365(11) 
C(11)-F(15A)  1.400(18) 
C(12)-F(16A)  1.302(16) 
C(12)-F(18)  1.342(14) 
C(12)-F(17A)  1.345(16) 
C(12)-F(16)  1.362(14) 
C(12)-F(17)  1.369(14) 
C(12)-F(18A)  1.376(17) 
O(28)-C(29)  1.284(10) 
C(29)-C(30)  1.378(13) 
C(29)-C(33)  1.503(15) 
C(30)-C(31)  1.363(14) 
C(31)-O(32)  1.338(11) 
C(31)-C(34)  1.533(11) 
B(40)-C(83)  1.623(10) 
B(40)-C(55)  1.633(9) 
B(40)-C(69)  1.643(9) 
B(40)-C(41)  1.644(9) 
C(41)-C(46)  1.402(9) 
C(41)-C(42)  1.405(9) 
C(42)-C(43)  1.383(9) 
C(43)-C(44)  1.375(10) 
C(43)-C(47)  1.504(10) 
 
C(44)-C(45)  1.377(10) 
C(45)-C(46)  1.385(9) 
C(45)-C(48)  1.497(10) 
C(47)-F(50)  1.312(9) 
C(47)-F(51)  1.323(9) 
C(47)-F(49)  1.324(9) 
C(48)-F(52)  1.291(9) 
C(48)-F(54)  1.304(9) 
C(48)-F(53)  1.343(9) 
C(55)-C(60)  1.398(9) 
C(55)-C(56)  1.401(9) 
C(56)-C(57)  1.382(9) 
C(57)-C(58)  1.392(9) 
C(57)-C(61)  1.488(9) 
C(58)-C(59)  1.384(9) 
C(59)-C(60)  1.390(8) 
C(59)-C(62)  1.495(10) 
C(61)-F(65)  1.326(8) 
C(61)-F(63)  1.332(9) 
C(61)-F(64)  1.334(8) 
C(62)-F(67)  1.324(8) 
C(62)-F(68)  1.331(8) 
C(62)-F(66)  1.338(8) 
C(69)-C(74)  1.403(8) 
C(69)-C(70)  1.407(9) 
C(70)-C(71)  1.393(9) 
C(71)-C(72)  1.381(9) 
C(71)-C(75)  1.494(9) 
C(72)-C(73)  1.380(9) 
C(73)-C(74)  1.390(9) 
C(73)-C(76)  1.480(9) 
C(75)-F(77)  1.327(8) 
C(75)-F(78)  1.336(8) 
C(75)-F(79)  1.337(8) 
C(76)-F(80)  1.301(8) 
C(76)-F(82)  1.341(9) 
C(76)-F(81)  1.342(9) 
C(83)-C(88)  1.406(9) 
C(83)-C(84)  1.411(9) 
C(84)-C(85)  1.380(9) 
C(85)-C(86)  1.382(10) 
C(85)-C(89)  1.502(10) 
C(86)-C(87)  1.379(10) 
C(87)-C(88)  1.394(9) 
C(87)-C(90)  1.496(10) 
C(89)-F(92)  1.331(8) 
C(89)-F(93)  1.333(8) 
C(89)-F(91)  1.334(9) 
C(90)-F(94)  1.305(9) 
C(90)-F(95)  1.307(9) 




















































































































































































































Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for [W(NC(O)NMesC(O)NHMes)(acac)(PMe3)3][BAr′4] (Chapter 4, 7-Mes[BAr′4]).  U(eq) 
is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
W(1) 6918(1) 8688(1) 4032(1) 20(1) 
P(1) 7060(1) 9955(1) 3840(1) 26(1) 
P(2) 8035(1) 8608(1) 5129(1) 25(1) 
P(3) 6458(1) 7528(1) 4213(1) 26(1) 
C(1) 7714(2) 10153(2) 3503(2) 33(1) 
C(2) 7254(3) 10525(2) 4616(3) 40(1) 
C(3) 6284(2) 10367(2) 3170(3) 38(1) 
C(4) 8486(3) 7789(2) 5280(3) 41(1) 
C(5) 8722(2) 9200(2) 5183(2) 32(1) 
C(6) 7962(2) 8754(3) 5983(2) 38(1) 
C(7) 6946(3) 6775(2) 4167(3) 44(1) 
C(8) 6349(2) 7420(2) 5048(2) 34(1) 
C(9) 5588(3) 7340(2) 3531(2) 37(1) 
O(10) 6580(2) 9046(1) 4794(2) 27(1) 
C(11) 5973(2) 9274(2) 4734(3) 31(1) 
C(12) 5390(2) 9320(2) 4085(3) 34(1) 
C(13) 5360(2) 9106(2) 3412(3) 34(1) 
O(14) 5892(2) 8858(1) 3338(2) 29(1) 
C(15) 5955(3) 9480(2) 5436(3) 43(1) 
C(16) 4694(3) 9154(3) 2736(3) 52(1) 
N(17) 7373(2) 8442(2) 3504(2) 22(1) 
C(18) 7857(2) 8428(2) 3194(2) 21(1) 
O(19) 8447(2) 8662(2) 3513(2) 34(1) 
N(20) 7602(2) 8163(2) 2490(2) 20(1) 
C(21) 6966(2) 7757(2) 2231(2) 22(1) 
C(22) 6327(2) 8063(2) 1857(2) 28(1) 
C(23) 5728(2) 7651(3) 1654(2) 35(1) 
C(24) 5769(3) 6954(3) 1817(2) 38(1) 
C(25) 6427(3) 6663(2) 2166(2) 36(1) 
C(26) 7037(2) 7047(2) 2384(2) 29(1) 
C(27) 6269(2) 8818(2) 1679(3) 38(1) 
C(28) 5116(3) 6526(3) 1638(3) 55(2) 
C(29) 7746(3) 6726(2) 2769(3) 38(1) 
C(30) 7984(2) 8160(2) 2046(2) 23(1) 
O(31) 7734(2) 7864(2) 1468(2) 31(1) 
N(32) 8592(2) 8501(2) 2301(2) 24(1) 
C(33) 9064(2) 8444(2) 1952(2) 24(1) 
C(34) 9627(2) 7988(2) 2252(2) 26(1) 
C(35) 10089(2) 7936(2) 1925(2) 30(1) 
C(36) 10001(2) 8320(2) 1314(2) 31(1) 
C(37) 9436(2) 8762(2) 1030(2) 31(1) 
C(38) 8955(2) 8839(2) 1338(2) 27(1) 
C(39) 9724(2) 7552(2) 2905(2) 35(1) 
C(40) 10511(3) 8248(3) 966(3) 43(1) 
C(41) 8344(3) 9318(2) 1018(3) 38(1) 
B(50) 2024(2) 7005(2) 4645(2) 20(1) 
C(51) 2235(2) 6805(2) 5494(2) 20(1) 
C(52) 2446(2) 7291(2) 6050(2) 22(1) 
C(53) 2687(2) 7109(2) 6778(2) 24(1) 
C(54) 2740(2) 6422(2) 6980(2) 26(1) 
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C(55) 2538(2) 5928(2) 6440(2) 26(1) 
C(56) 2291(2) 6119(2) 5716(2) 24(1) 
C(57) 2922(3) 7650(2) 7356(2) 34(1) 
C(58) 2604(3) 5186(2) 6639(2) 36(1) 
C(61) 1648(2) 7763(2) 4419(2) 20(1) 
C(62) 1700(2) 8155(2) 3861(2) 23(1) 
C(63) 1353(2) 8776(2) 3628(2) 25(1) 
C(64) 906(2) 9023(2) 3920(2) 24(1) 
C(65) 832(2) 8637(2) 4462(2) 21(1) 
C(66) 1200(2) 8031(2) 4709(2) 21(1) 
C(67) 1502(3) 9196(3) 3093(3) 39(1) 
C(68) 362(2) 8892(2) 4796(2) 29(1) 
C(71) 2764(2) 6976(2) 4560(2) 21(1) 
C(72) 3040(2) 6359(2) 4431(2) 28(1) 
C(73) 3685(2) 6334(2) 4386(2) 34(1) 
C(74) 4071(2) 6919(3) 4454(2) 35(1) 
C(75) 3814(2) 7538(2) 4588(2) 27(1) 
C(76) 3184(2) 7558(2) 4653(2) 23(1) 
C(77) 3930(3) 5658(3) 4220(4) 60(2) 
C(78) 4190(2) 8185(3) 4590(2) 36(1) 
C(81) 1433(2) 6483(2) 4090(2) 21(1) 
C(82) 1397(2) 6314(2) 3404(2) 25(1) 
C(83) 841(2) 5935(2) 2902(2) 28(1) 
C(84) 301(2) 5721(2) 3064(2) 35(1) 
C(85) 309(2) 5890(2) 3734(2) 31(1) 
C(86) 865(2) 6255(2) 4234(2) 26(1) 
C(87) 841(3) 5759(3) 2190(3) 40(1) 
C(88) -294(3) 5697(3) 3906(3) 48(1) 
F(51) 2683(2) 8268(2) 7122(2) 74(1) 
F(52) 2756(2) 7500(1) 7905(1) 48(1) 
F(53) 3626(2) 7726(2) 7662(2) 69(1) 
F(54) 2712(3) 5061(2) 7307(2) 103(2) 
F(55) 3139(2) 4890(2) 6564(2) 77(1) 
F(56) 2075(2) 4809(2) 6202(2) 96(1) 
F(61) 1551(2) 8834(1) 2565(1) 42(1) 
F(62) 1052(3) 9683(2) 2799(3) 140(2) 
F(63) 2131(2) 9507(2) 3408(2) 86(1) 
F(64) -115(1) 9342(1) 4381(1) 42(1) 
F(65) 716(2) 9216(2) 5426(2) 57(1) 
F(66) 4(2) 8387(1) 4934(2) 56(1) 
F(71) 3866(3) 5148(2) 4588(2) 102(2) 
F(72) 3545(3) 5455(2) 3535(2) 127(2) 
F(73) 4556(3) 5671(2) 4258(4) 162(3) 
F(74) 4060(2) 8401(2) 3917(2) 66(1) 
F(75) 4884(1) 8133(2) 4938(2) 50(1) 
F(76) 4014(1) 8718(2) 4905(2) 51(1) 
F(81) 1164(4) 6221(3) 1947(3) 64(2) 
F(82) 1199(4) 5165(3) 2220(3) 71(2) 
F(83) 218(2) 5635(4) 1679(2) 71(2) 
F(84) -374(6) 6035(7) 4370(6) 90(5) 
F(85) -393(5) 5056(4) 3893(6) 66(4) 
F(86) -924(3) 5867(4) 3254(4) 63(3) 
F(81A) 318(13) 6234(14) 1653(8) 75(7) 
F(83A) 608(16) 5199(12) 1940(12) 78(7) 
F(82A) 1330(14) 5884(18) 2095(14) 70(7) 
F(84A) -49(4) 5375(4) 4622(4) 58(2) 
F(85A) -720(6) 5245(8) 3524(6) 95(5) 
F(86A) -613(6) 6238(6) 4021(6) 68(4) 
________________________________________________________________________________ 
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Bond lengths [Å] and angles [°] for [W(NC(O)NMesC(O)NHMes)(acac)(PMe3)3][BAr′4] 
(Chapter 4, 7-Mes[BAr′4]).   
____________________________________________________________________________________________  
 
W(1)-N(17)  1.769(3) 
W(1)-O(14)  2.056(3) 
W(1)-O(10)  2.068(3) 
W(1)-P(2)  2.4791(11) 
W(1)-P(1)  2.5272(11) 
W(1)-P(3)  2.5365(11) 
P(1)-C(1)  1.810(4) 
P(1)-C(3)  1.818(5) 
P(1)-C(2)  1.825(5) 
P(2)-C(4)  1.810(5) 
P(2)-C(5)  1.814(4) 
P(2)-C(6)  1.820(4) 
P(3)-C(7)  1.809(5) 
P(3)-C(8)  1.810(4) 
P(3)-C(9)  1.815(5) 
O(10)-C(11)  1.306(5) 
C(11)-C(12)  1.379(6) 
C(11)-C(15)  1.495(6) 
C(12)-C(13)  1.402(6) 
C(13)-O(14)  1.281(5) 
C(13)-C(16)  1.501(7) 
N(17)-C(18)  1.399(5) 
C(18)-O(19)  1.223(5) 
C(18)-N(20)  1.397(5) 
N(20)-C(30)  1.431(5) 
N(20)-C(21)  1.450(5) 
C(21)-C(22)  1.374(6) 
C(21)-C(26)  1.407(6) 
C(22)-C(23)  1.401(6) 
C(22)-C(27)  1.502(6) 
C(23)-C(24)  1.386(7) 
C(24)-C(25)  1.385(7) 
C(24)-C(28)  1.514(6) 
C(25)-C(26)  1.387(6) 
C(26)-C(29)  1.499(6) 
C(30)-O(31)  1.212(5) 
C(30)-N(32)  1.339(5) 
N(32)-C(33)  1.441(5) 
C(33)-C(38)  1.397(6) 
C(33)-C(34)  1.399(6) 
C(34)-C(35)  1.386(6) 
C(34)-C(39)  1.512(6) 
C(35)-C(36)  1.390(6) 
C(36)-C(37)  1.381(6) 
C(36)-C(40)  1.513(6) 
C(37)-C(38)  1.399(6) 
C(38)-C(41)  1.497(6) 
B(50)-C(71)  1.634(6) 
B(50)-C(81)  1.635(6) 
B(50)-C(51)  1.636(6) 
B(50)-C(61)  1.642(6) 
 
C(51)-C(52)  1.394(5) 
C(51)-C(56)  1.395(6) 
C(52)-C(53)  1.392(5) 
C(53)-C(54)  1.386(6) 
C(53)-C(57)  1.496(6) 
C(54)-C(55)  1.382(6) 
C(55)-C(56)  1.387(6) 
C(55)-C(58)  1.486(6) 
C(57)-F(51)  1.310(5) 
C(57)-F(52)  1.329(5) 
C(57)-F(53)  1.353(6) 
C(58)-F(54)  1.299(5) 
C(58)-F(56)  1.319(6) 
C(58)-F(55)  1.324(6) 
C(61)-C(66)  1.400(5) 
C(61)-C(62)  1.404(5) 
C(62)-C(63)  1.387(6) 
C(63)-C(64)  1.386(5) 
C(63)-C(67)  1.490(6) 
C(64)-C(65)  1.389(5) 
C(65)-C(66)  1.384(6) 
C(65)-C(68)  1.493(5) 
C(67)-F(62)  1.295(6) 
C(67)-F(61)  1.319(5) 
C(67)-F(63)  1.349(6) 
C(68)-F(64)  1.333(5) 
C(68)-F(66)  1.334(5) 
C(68)-F(65)  1.339(5) 
C(71)-C(76)  1.397(6) 
C(71)-C(72)  1.401(6) 
C(72)-C(73)  1.396(6) 
C(73)-C(74)  1.369(7) 
C(73)-C(77)  1.498(7) 
C(74)-C(75)  1.389(6) 
C(75)-C(76)  1.384(5) 
C(75)-C(78)  1.482(6) 
C(77)-F(71)  1.280(7) 
C(77)-F(73)  1.285(7) 
C(77)-F(72)  1.344(8) 
C(78)-F(75)  1.336(5) 
C(78)-F(74)  1.342(5) 
C(78)-F(76)  1.345(5) 
C(81)-C(82)  1.399(5) 
C(81)-C(86)  1.411(5) 
C(82)-C(83)  1.398(6) 
C(83)-C(84)  1.370(6) 
C(83)-C(87)  1.482(6) 
C(84)-C(85)  1.389(6) 
C(85)-C(86)  1.382(6) 
C(85)-C(88)  1.495(6) 
C(87)-F(82A)  1.15(2) 
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C(87)-F(83A)  1.214(18) 
C(87)-F(83)  1.311(6) 
C(87)-F(81)  1.335(8) 
C(87)-F(82)  1.365(7) 
C(87)-F(81A)  1.501(19) 
C(88)-F(84)  1.214(10) 
C(88)-F(85)  1.260(10) 
C(88)-F(85A)  1.263(10) 
C(88)-F(86A)  1.317(12) 
C(88)-F(84A)  1.464(9) 
C(88)-F(86)  1.469(9) 
F(81)-F(82A)  0.74(3) 
F(81)-F(81A)  1.62(2) 
F(82)-F(83A)  1.13(3) 
F(82)-F(82A)  1.47(3) 
F(83)-F(83A)  1.14(3) 
F(83)-F(81A)  1.18(3) 
F(84)-F(86A)  0.782(14) 
F(84)-F(84A)  1.444(15) 
F(85)-F(85A)  0.860(13) 
F(85)-F(84A)  1.484(13) 
F(86)-F(85A)  1.323(15) 
F(86)-F(86A)  1.588(15) 
N(17)-W(1)-O(14) 107.79(13) 
N(17)-W(1)-O(10) 168.51(14) 
O(14)-W(1)-O(10) 82.51(11) 
N(17)-W(1)-P(2) 88.71(11) 
O(14)-W(1)-P(2) 163.44(8) 
O(10)-W(1)-P(2) 80.93(9) 
N(17)-W(1)-P(1) 92.37(11) 
O(14)-W(1)-P(1) 84.02(8) 
O(10)-W(1)-P(1) 83.48(8) 
P(2)-W(1)-P(1) 94.08(4) 
N(17)-W(1)-P(3) 100.45(11) 
O(14)-W(1)-P(3) 83.51(8) 
O(10)-W(1)-P(3) 85.51(8) 
P(2)-W(1)-P(3) 95.17(4) 
P(1)-W(1)-P(3) 164.33(4) 
C(1)-P(1)-C(3) 102.2(2) 
C(1)-P(1)-C(2) 105.2(2) 
C(3)-P(1)-C(2) 100.9(2) 
C(1)-P(1)-W(1) 114.88(15) 
C(3)-P(1)-W(1) 114.63(16) 
C(2)-P(1)-W(1) 117.13(16) 
C(4)-P(2)-C(5) 101.5(2) 
C(4)-P(2)-C(6) 102.7(2) 
C(5)-P(2)-C(6) 102.8(2) 
C(4)-P(2)-W(1) 116.21(16) 
C(5)-P(2)-W(1) 116.62(15) 
C(6)-P(2)-W(1) 114.93(16) 
C(7)-P(3)-C(8) 104.4(2) 
C(7)-P(3)-C(9) 102.2(2) 
C(8)-P(3)-C(9) 102.2(2) 
C(7)-P(3)-W(1) 116.91(16) 
C(8)-P(3)-W(1) 116.17(16) 
C(9)-P(3)-W(1) 113.07(15) 
C(11)-O(10)-W(1) 131.9(3) 
O(10)-C(11)-C(12) 124.0(4) 
O(10)-C(11)-C(15) 114.3(4) 
C(12)-C(11)-C(15) 121.8(4) 
C(11)-C(12)-C(13) 124.8(4) 
O(14)-C(13)-C(12) 122.4(4) 
O(14)-C(13)-C(16) 116.4(4) 
C(12)-C(13)-C(16) 121.2(4) 
C(13)-O(14)-W(1) 134.3(3) 
C(18)-N(17)-W(1) 162.1(3) 
O(19)-C(18)-N(20) 123.5(3) 
O(19)-C(18)-N(17) 121.4(3) 
N(20)-C(18)-N(17) 115.0(4) 
C(18)-N(20)-C(30) 124.4(3) 
C(18)-N(20)-C(21) 118.4(3) 
C(30)-N(20)-C(21) 116.2(3) 
C(22)-C(21)-C(26) 122.4(4) 
C(22)-C(21)-N(20) 120.5(4) 
C(26)-C(21)-N(20) 117.0(4) 
C(21)-C(22)-C(23) 117.9(4) 
C(21)-C(22)-C(27) 121.1(4) 
C(23)-C(22)-C(27) 120.9(4) 
C(24)-C(23)-C(22) 121.8(5) 
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C(25)-C(24)-C(23) 118.1(4) 
C(25)-C(24)-C(28) 120.8(5) 
C(23)-C(24)-C(28) 121.1(5) 
C(24)-C(25)-C(26) 122.6(4) 
C(25)-C(26)-C(21) 117.1(4) 
C(25)-C(26)-C(29) 122.0(4) 
C(21)-C(26)-C(29) 120.9(4) 
O(31)-C(30)-N(32) 124.7(4) 
O(31)-C(30)-N(20) 118.6(4) 
N(32)-C(30)-N(20) 116.6(3) 
C(30)-N(32)-C(33) 120.9(3) 
C(38)-C(33)-C(34) 122.1(4) 
C(38)-C(33)-N(32) 120.2(4) 
C(34)-C(33)-N(32) 117.7(4) 
C(35)-C(34)-C(33) 118.2(4) 
C(35)-C(34)-C(39) 120.7(4) 
C(33)-C(34)-C(39) 121.1(4) 
C(34)-C(35)-C(36) 121.6(4) 
C(37)-C(36)-C(35) 118.6(4) 
C(37)-C(36)-C(40) 121.0(4) 
C(35)-C(36)-C(40) 120.4(4) 
C(36)-C(37)-C(38) 122.4(4) 
C(33)-C(38)-C(37) 117.1(4) 
C(33)-C(38)-C(41) 121.5(4) 
C(37)-C(38)-C(41) 121.4(4) 
C(71)-B(50)-C(81) 113.0(3) 
C(71)-B(50)-C(51) 104.3(3) 
C(81)-B(50)-C(51) 111.9(3) 
C(71)-B(50)-C(61) 111.7(3) 
C(81)-B(50)-C(61) 102.9(3) 
C(51)-B(50)-C(61) 113.3(3) 
C(52)-C(51)-C(56) 115.5(3) 
C(52)-C(51)-B(50) 123.0(3) 
C(56)-C(51)-B(50) 121.1(3) 
C(53)-C(52)-C(51) 122.5(4) 
C(54)-C(53)-C(52) 120.4(4) 
C(54)-C(53)-C(57) 119.0(4) 
C(52)-C(53)-C(57) 120.6(4) 
C(55)-C(54)-C(53) 118.3(4) 
C(54)-C(55)-C(56) 120.6(4) 
C(54)-C(55)-C(58) 119.6(4) 
C(56)-C(55)-C(58) 119.8(4) 
C(55)-C(56)-C(51) 122.7(4) 
F(51)-C(57)-F(52) 107.9(4) 
F(51)-C(57)-F(53) 104.4(4) 
F(52)-C(57)-F(53) 104.8(4) 
F(51)-C(57)-C(53) 114.0(4) 
F(52)-C(57)-C(53) 112.7(4) 
F(53)-C(57)-C(53) 112.3(4) 
F(54)-C(58)-F(56) 109.3(4) 
F(54)-C(58)-F(55) 104.3(4) 
F(56)-C(58)-F(55) 101.6(4) 
F(54)-C(58)-C(55) 114.8(4) 
F(56)-C(58)-C(55) 113.4(4) 
F(55)-C(58)-C(55) 112.3(4) 
C(66)-C(61)-C(62) 115.2(4) 
C(66)-C(61)-B(50) 123.0(3) 
C(62)-C(61)-B(50) 121.4(3) 
C(63)-C(62)-C(61) 122.7(4) 
C(64)-C(63)-C(62) 120.6(4) 
C(64)-C(63)-C(67) 120.4(4) 
C(62)-C(63)-C(67) 119.0(4) 
C(63)-C(64)-C(65) 117.9(4) 
C(66)-C(65)-C(64) 121.1(3) 
C(66)-C(65)-C(68) 119.6(3) 
C(64)-C(65)-C(68) 119.3(4) 
C(65)-C(66)-C(61) 122.4(4) 
F(62)-C(67)-F(61) 107.5(4) 
F(62)-C(67)-F(63) 106.1(5) 
F(61)-C(67)-F(63) 103.5(4) 
F(62)-C(67)-C(63) 113.7(4) 
F(61)-C(67)-C(63) 114.1(4) 
F(63)-C(67)-C(63) 111.1(4) 
F(64)-C(68)-F(66) 105.9(4) 
F(64)-C(68)-F(65) 105.6(3) 
F(66)-C(68)-F(65) 106.5(3) 
F(64)-C(68)-C(65) 113.4(3) 
F(66)-C(68)-C(65) 112.7(4) 
F(65)-C(68)-C(65) 112.2(4) 
C(76)-C(71)-C(72) 115.4(4) 
C(76)-C(71)-B(50) 122.2(3) 
C(72)-C(71)-B(50) 122.3(4) 
C(73)-C(72)-C(71) 122.0(4) 
C(74)-C(73)-C(72) 121.0(4) 
C(74)-C(73)-C(77) 120.3(4) 
C(72)-C(73)-C(77) 118.6(5) 
C(73)-C(74)-C(75) 118.3(4) 
C(76)-C(75)-C(74) 120.5(4) 
C(76)-C(75)-C(78) 120.3(4) 
C(74)-C(75)-C(78) 118.9(4) 
C(75)-C(76)-C(71) 122.7(4) 
F(71)-C(77)-F(73) 109.4(6) 
F(71)-C(77)-F(72) 102.1(6) 
F(73)-C(77)-F(72) 103.4(6) 
F(71)-C(77)-C(73) 114.8(5) 
F(73)-C(77)-C(73) 114.1(5) 
F(72)-C(77)-C(73) 111.9(5) 
F(75)-C(78)-F(74) 106.2(4) 
F(75)-C(78)-F(76) 105.2(4) 
F(74)-C(78)-F(76) 105.1(4) 
F(75)-C(78)-C(75) 113.6(4) 
F(74)-C(78)-C(75) 112.3(4) 
F(76)-C(78)-C(75) 113.7(4) 
C(82)-C(81)-C(86) 115.4(4) 
C(82)-C(81)-B(50) 122.8(3) 
C(86)-C(81)-B(50) 121.2(3) 
C(83)-C(82)-C(81) 122.1(4) 
C(84)-C(83)-C(82) 120.6(4) 
C(84)-C(83)-C(87) 119.8(4) 
C(82)-C(83)-C(87) 119.5(4) 
C(83)-C(84)-C(85) 119.1(4) 
C(86)-C(85)-C(84) 120.2(4) 
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C(86)-C(85)-C(88) 119.9(4) 
C(84)-C(85)-C(88) 119.9(4) 
C(85)-C(86)-C(81) 122.6(4) 
F(82A)-C(87)-F(83A) 110.7(18) 
F(82A)-C(87)-F(83) 125.2(14) 
F(83A)-C(87)-F(83) 53.7(14) 
F(82A)-C(87)-F(81) 33.8(18) 
F(83A)-C(87)-F(81) 128.8(11) 
F(83)-C(87)-F(81) 109.0(5) 
F(82A)-C(87)-F(82) 70.8(18) 
F(83A)-C(87)-F(82) 51.8(14) 
F(83)-C(87)-F(82) 103.4(5) 
F(81)-C(87)-F(82) 103.2(5) 
F(82A)-C(87)-C(83) 118.4(13) 
F(83A)-C(87)-C(83) 116.8(11) 
F(83)-C(87)-C(83) 114.1(4) 
F(81)-C(87)-C(83) 114.1(5) 
F(82)-C(87)-C(83) 112.0(4) 
F(82A)-C(87)-F(81A) 100.8(18) 
F(83A)-C(87)-F(81A) 101.5(16) 
F(83)-C(87)-F(81A) 49.3(10) 
F(81)-C(87)-F(81A) 69.6(11) 
F(82)-C(87)-F(81A) 140.9(7) 
C(83)-C(87)-F(81A) 105.6(7) 
F(84)-C(88)-F(85) 118.4(9) 
F(84)-C(88)-F(85A) 124.1(7) 
F(85)-C(88)-F(85A) 39.9(6) 
F(84)-C(88)-F(86A) 35.7(7) 
F(85)-C(88)-F(86A) 134.4(8) 
F(85A)-C(88)-F(86A) 112.4(9) 
F(84)-C(88)-F(84A) 64.4(8) 
F(85)-C(88)-F(84A) 65.5(7) 
F(85A)-C(88)-F(84A) 100.3(8) 
F(86A)-C(88)-F(84A) 99.3(6) 
F(84)-C(88)-F(86) 102.3(8) 
F(85)-C(88)-F(86) 97.2(6) 
F(85A)-C(88)-F(86) 57.3(7) 
F(86A)-C(88)-F(86) 69.3(6) 
F(84A)-C(88)-F(86) 143.5(5) 
F(84)-C(88)-C(85) 116.5(6) 
F(85)-C(88)-C(85) 113.0(6) 
F(85A)-C(88)-C(85) 119.1(6) 
F(86A)-C(88)-C(85) 112.5(7) 
F(84A)-C(88)-C(85) 110.7(5) 
F(86)-C(88)-C(85) 105.6(5) 
F(82A)-F(81)-C(87) 59(2) 
F(82A)-F(81)-F(81A) 115(3) 
C(87)-F(81)-F(81A) 60.0(10) 
F(83A)-F(82)-C(87) 57.2(10) 
F(83A)-F(82)-F(82A) 95.9(16) 
C(87)-F(82)-F(82A) 47.6(11) 
F(83A)-F(83)-F(81A) 129.8(17) 
F(83A)-F(83)-C(87) 58.8(10) 
F(81A)-F(83)-C(87) 73.7(10) 
F(86A)-F(84)-C(88) 79.4(14) 
F(86A)-F(84)-F(84A) 143.1(17) 
C(88)-F(84)-F(84A) 66.2(7) 
F(85A)-F(85)-C(88) 70.3(10) 
F(85A)-F(85)-F(84A) 124.9(15) 
C(88)-F(85)-F(84A) 63.9(6) 
F(85A)-F(86)-C(88) 53.5(5) 
F(85A)-F(86)-F(86A) 94.4(6) 
C(88)-F(86)-F(86A) 50.9(4) 
F(83)-F(81A)-C(87) 57.0(9) 
F(83)-F(81A)-F(81) 98.9(12) 
C(87)-F(81A)-F(81) 50.4(7) 
F(82)-F(83A)-F(83) 134(2) 
F(82)-F(83A)-C(87) 71.0(14) 
F(83)-F(83A)-C(87) 67.5(13) 
F(81)-F(82A)-C(87) 87(3) 
F(81)-F(82A)-F(82) 145(3) 
C(87)-F(82A)-F(82) 61.6(14) 
F(84)-F(84A)-C(88) 49.3(5) 
F(84)-F(84A)-F(85) 93.1(6) 
C(88)-F(84A)-F(85) 50.6(4) 
F(85)-F(85A)-C(88) 69.9(10) 
F(85)-F(85A)-F(86) 139.0(15) 
C(88)-F(85A)-F(86) 69.2(8) 
F(84)-F(86A)-C(88) 64.9(12) 
F(84)-F(86A)-F(86) 120.4(17) 
C(88)-F(86A)-F(86) 59.9(6) 
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